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ABSTRACT 


The  system  concept  ie  described.  It  is  a  scheme  to  replace  aircraft  wheel  gear 
with  an  annular  jet  air  cushion.  It  embodies  a  large  pneumatic  bag  or  bags  surround¬ 
ing  and  beneath  the  fuselage.  A  continuous  air  feed  from  an  on-board  power  source 
maintains  the  bag  inflated  while  producing  a  distributed  jet  flow  at  its  base.  The 
escaping  jets  create  a  pressure  beneath  the  aircraft  whenever  it  is  close  to  the  take¬ 
off  or  landing  surface,  and  eliminate  friction.  Air  clearance  beneath  the  bags  is 
minimal,  surface  irregularities  being  tolerated  by  the  resilience  of  the  flexible  mate¬ 
rial  itself. 


The  objective  is  to  provide  an  improved  tolerance  to  the  takeoff  and  landing 
maneuver  and  environment  with  no  compromise  of  flight  performance. 

Th“  study  considers  application  to  a  C-I19  twin  boom  flying  boxcar  -  selected  as 
a  suitable  development  aircraft.  Alternative  configurations  are  analyzed,  a  single 
main  cushion  of  -1G0  ft^  area  being  preferred. 

The  work  included  tests  of  a  1/3  scale  partial  length  model  and  a  1/12  scale 
quasi-static  wind  tunnel  model.  The  1/3  scale  partial  model  was  tested  on  an  hydrau¬ 
lically  powered  whirling  arm  rig  to  develop  satisfactory  retraction  and  determine 
obstacle  performance,  energy  absorption  and  damping.  Neat  retraction  was  achieved 
using  specially  developed  one  way  stretch  elastic  material.  With  representative 
powering,  the  model  was  able  to  traverse  a  10  inch  full  scale  wall  at  10  mph  and  up, 
and  cross  a  series  of  mounds  up  to  22  inches.  Drop  tests  indicated  the  estimated 
design  vertical  sink  rate  of  over  20  ft/sec  without  wing  lift  would  be  achieved  in  the 
flat  attitude  with  critical  damping. 


The  wind  tunnel  was  tested  over  the  moving  ground  at  the  NASA  Langley 
Research  Center  and  successfully  simulated  landing  and  takeoff  maneuvers  in  response 
to  elevator  control.  The  modei  was  free  in  pitch  and  heave.  Free  air  drag  of  the 
inflated  bag  was  found  to  be  the  same  as  that  of  the  extended  wheel  gear. 


It  is  concluded  that  the  landing  and  takeoff  maneuver  presents  no  special  pro¬ 
blems  to  takeoff  rotation  t  levator  power  and  that  superior  energy  absorption  and 
damping  are  available.  The  retraction  method  using  elastic  mater'al  appears  to  be 
most  promising  To  the  extent  that  this  research  covers  the  expected  problem  areas 
the  system  feasibility  is  established. 
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I.  INTRODUCTION 


A.  SYSTEM  CONCEPT 


The  Air  Cushion  Landing  Gear  is  a  scheme  to  replace,  or  in  certain  cases  load 
relieve  aircraft  wheel  gear  with  an  annular  jet  air  cushion.  As  illustrated  in  Figure  1, 
it  embodies  a  pneumatic  bag  or  bags  mounted  beneath  and  surrounding  the  fuselage. 

A  continuous  air  feed  from  an  on-board  power  source  maintains  the  bag  inflated  while 
producing  a  distributed  jet  flow  at  its  base.  The  escaping  jets  create  a  pressure  in  the 
cavity  contained  by  the  bag  beneath  the  aircraft  whenever  it  is  close  to  the  takeoff  or 
landing  surface.  Air  clearance  beneath  the  bags  ts  minimal,  surface  irregularities 
beLng  tolerated  by  the  resilience  of  the  flexible  material  itself.  The  inflation  pressure 
Is  very  low  (330  lb/ft2)  The  bags  are  retractable  and  the  entire  system  is  expected 
to  be  competitive  with  wheel  gear  in  termB  of  weight  and  drag. 


The  objective  is  to  provide  an  improved  tolerance  to  the  takeoff  and  landing 
maneuver  and  environment  with  no  compromise  of  performance  and  enable  aircraft 
to  operate  from  any  surface  consistency,  including  water.  It  is  in  fact  a  soft  landing 
system  with  footprint  pressure  In  the  region  of  1  to  3  lb/in.  . 


While  offering  significant  other  at  /antages  associated  with  takeoff  and  landing 
such  as  cross-wind  capability,  kneeling,  distributed  load,  fast  retraction,  high  energy 
absorption  and  damping,  and  Improved  overland  braking,  the  system  is  also  expected 
to  result  In  improved  operating  economy.  This  is  because  it  will  tend  to  allow  a  long¬ 
er  takeoff  and  landing  run  to  be  used  In  any  given  situation,  due  to  the  less  stringent 
field  requirement  and  the  forgiving  nature  cf  the  system.  Given  equivalence  of  weight 
and  drag,  this  will  result  in  improved  payload/gross  weight. 


The  crucial  effect  of  this  factor  is  well  known  and  it  can  be  shown  that  a  10% 
increase  In  takeoff  speed  is  likely  to  provide  an  economic  Impact  as  great  hb  a  20% 
Improvement  tn  load  factor.  It  is  believed  that  this  improved  economy  will  be  -'om- 
btned  v/lth  Increased  capability  and,  therefore,  Indicates  a  large  potential,  both  military 


for  the  developed  oyoicui . 


B.  TEST  AIRCRAFT 

The  present  study  considers  the  application  of  the  system  to  a  C-119.  This 
aircraft  was  selected  as  a  suitable  test  bed  for  tue  following  reasons: 

(a)  It  is  a  suitable  size,  large  enough  so  that  prototype  application  to  a  front 
line  logistic  aircraft  esn  follow  directly. 

(b)  It  ts  ideally  configured.  The  wheel  arrangement  (retracting  into  twin  booms) 
is  such  that  no  alteration  la  necessary  for  test  purposes.  The  fuselage  is 
straight  sided,  fiat  bottomed,  roomy  and  structurally  convenient,  with  a 
minimum  of  services  and  equipment  beneath  the  floor.  Equipment  relocation 
is  thus  minimal. 
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Figure  "...  Artist's  Impression  of  the  Air  Cushion  Landing  Gear 


AFFDL-TR-67-32 


A  number  of  alternative  configurations  for  the  air  cushion  were  considered, 
and  three  o.ulte  radically  different  arrangements  were  tested  in  the  wind  tunnel.  The 
best  of  these  for  the  C-119  application  is  considered  to  be  the  single  main  cushion 
using  the  elastic  bag  type  trunk  shown  in  Figure  2.  Advantages  and  disadvantages  of 
the  alternatives  are  discussed  in  Section  II.  The  effects  of  varying  the  detail  geometry 
for  the  single  main  cushion  with  the  reasons  for  t  electing  that  illustrated  are  also 
analyzed. 

The  power  system  is  considered  purely  as  a  tent  bed  aircraft  Installation.  In  an 
operational  application  a  compact  auxiliary  power  package  will  be  required  such  as 
that  Illustrated  in  Figure  3  which  represents  a  C-130  as  a  t>-plcal  operational  appli¬ 
cation.  In  this  case,  for  the  C-119  teat  aircraft,  test  convenience  is  the  only  crltei  ion 
and  no  effort  was  made  to  design  a  compact  power  package.  However,  alternative 
powerplanta  were  considered  using  different  engines  and  different  types  of  fans  and 
these  Installations  give  an  idea  of  the  tradeoff  between  system  weight  and  size  with 
cushion  performance.  The  best  system  for  the  test  aircraft  It  considered  to  be  aB 
shown  In  Figure  4,  which  uses  twin  T58-10  gas  turbines  driving  backward -curved 
centrifugal  fans.  This  constitutes  overpowering  the  system  in  terms  of  a  probable 
operational  installation,  which  Is  a  desirable  feature  for  the  test  aircraft,  enabling  the 
effect  of  power  on  system  performance  to  determined  fully.  However,  except  for 
general  dependability,  selection  of  a  particular  powerplant  and  fan  Is  not  critical  to  the 
development  program . 

C.  WIND  TUNNEL  MODEL 

Tests  were  conducted  on  a  1/12  scale  quasi-dynamic  model  or  the  C-119  fitted 
with  air  cushion  landing  gear.  Figure  5  shows  the  model  in  the  low  speed  section  of 
the  NASA  Langley  7  ft  x  10  ft  tunnel  where  the  tests  ware  run,  using  the  moving  ground 
(a  continuous  belt)  at.  the  takooff  and  landing  surface.  The  tests  consisted  of  perform¬ 
ing  actun:  takeoffs  and  land  luge  with  the  model,  Into  which  atr  for  the  air  cushion  was 
piped  along  the  stl.g  from  an  external  source.  The  model  wan  pitched  by  Its  own  re¬ 
motely  controlled  elevator  ;l  was  also  free  to  slide  some  eight  inchts  up  the  vertical 
mounting  post,  clear  of  the  ground,  but  It  was  fixed  In  yaw,  roll  and  In  the  side  to  side 
and  fore  and  aft  directions.  Thus,  the  technique  was  to  start  with  model  resting  to  the 
ground;  Inf.'ate  the  air  cushion,  bringing  the  model  up  to  ubout  30  Inches  full  scale 
height  In  hover  and  friction  free  on  the  surface;  bring  the  ground  bolt  and  tunnel  velo¬ 
city  up  to  the  takeoff  speed  In  a  level  attitude;  and  operate  tbs  elevator  tn  nmnll  Incre¬ 
ments  to  raise  the  nose,  when  the  model  would  take  off  smoothly  and  iunvo  the  ground 
in  a  simulated  takeoff  f  or  landing,  tunnel  and  bolt  speeds  wore  reduced  with  the 
model  at  a  suitably  high  angle  of  attack  until  the  model  sank  back  to  the  ground  on  the 
rear  of  the  atr  bag  and  the  nose  wns  then  lowered  by  elevator  control  in  a  simulated 
landing. 

Measurements  of  lift,  drag,  elevator  angle,  pitch  attitude,  height  and  pressures 
were  made  and  are  analyzed  In  a  subsequent  section.  The  tests  were  successful,  nnd 
provide  proof  that  the  normal  takeoff  and  landing  maneuver  will  not  be  compromised 
by  the  air  cushion  despite  seme  deficiencies  in  model  cliaiaetei  Istlcu.  Takeoffs  and 
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landings  ware  made  down  to  approximately  1.05  times  the  |>ower-off  stalling  speed. 

The  In  *  flight  drag  ot  the  Inflated  bag  was  found  to  bo  similar  to  that  of  the  extended 
wheels.  However,  the  total  of  profile  and  momentum  drage  ia  larger,  resulting  In  a 
reduced  climb  angle  with  the  bag  Inflated.  This  Is  offset  by  the  fast  retraction  avail¬ 
able  with  the  bag  system,  plus  the  extra  thrust  avutlable  from  diverting  the  air 
ouahlon  flow. 

D.  WHIRLING  ARM  MODEL 

The  objectives  of  ths  whirling  arm  model  teete  were  to  develop  satisfactory 
retraction,  determine  behavior  In  crossing  selected  obstacles  and  evaluate  energy 
absorption  and  damping.  The  modal  Is  shown  In  Ftgura  6  mounted  on  the  whirling  arm, 
with  the  trunks  Inflitod,  whlls  Figure  7  is  s  general  view  of  the  whirling  arm  and 
obstacles  showing  the  model  resting  on  the  ground  with  the  trunks  deflated. 

The  model  represents  ■  wlngtlp  float  suitable  for  C-110  Installation,  and  olac 
represents  approximately  a  4/10  length  main  sir  ouahlon  at  1/3  Beale.  Air  for  the 
cushion  la  provided  by  a  apeolal  hydraulically  driven  cuntrlfugal  ran,  hydraulic  power 
being  provided  through  ewlvel  Joints  at  the  hub  of  the  rotating  arm.  The  model  Is 
mounted  on  parallel  links  to  be  free  to  rise  and  fall  but  la  otherwise  restrained.  The 
arm  Is  routed  by  a  small  hydraulic  motor  driving  t  pneumatic  tire  In  contnct  with 
the  ground. 

Prior  to  whirl  testing,  monaurcmonla  of  cushion  pressure,  trunk  preaaure,  nnd 
fan  rpm  war#  mad  and  the  modal  performence  wee  related  to  thoae  and  to  the  model 
weight.  For  drop  teete,  measurements  tnoluded  a  continuous  record  of  height, 
cushion  pressure  and  vertical  acceleration  versus  time. 


igure  6.  1/3  Scale  Model,  Elastic  Trunk  Inflated 
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n.  SYSTEM  DESIGN  AND  ANALYSIS 

A.  AIR  CUSHION  CON  FIGURATION 

A  wide  range  of  air  cushion  landing  gear  configurations  is  possible.  For  the 
C-119,  which  to  some  extent  was  chosen  for  this  reason,  they  are  confined  to  arrange¬ 
ments  beneath  the  fuselage,  which  is  considered  best  because  then  the  system  hardly 
Interferes  with  the  Aircraft  aerodynamics. 

The  area  available  beneath  the  fuselage  limits  the  maximum  area  of  air  cushion. 
There  are  two  excellent  reasons  why  the  maximum  possible  area  should  be  used.* 

(a)  Cushion  pressure  will  be  minimized  and  jet  height  (to  which 
terrain  performance  is  related  for  a  given  type  of  air  cushion) 
will  be  maximized  for  given  power.  Jet  height  will  be  shov/n  to 
vary  as  cushion  pressure  to  the  power  of  1.5  so  that  loading 
has  a  strong  effect  on  jet  height. 

(b)  Over  water  wave  drag  is  inversely  proportional  to  area  times 
length.  Since  Increasing  cushion  length  also  increases  area, 
for  given  width  drag  is  proportional  to  length  squared,  which  is 
again  a  very  strong  effect.  It  is  desirable  to  be  able  to  show  an 
overwater  capability  for  the  C-118  not  so  much  front  the  view¬ 
point  of  actual  overwater  testing  as  that  It  should,  as  a  test  air¬ 
craft,  represent  a  typical  operational  application.  For  an 
operational  aircraft,  an  amphibious  capability,  if  not  accompanied 
by  the  usual  weight  and  drag  penalty,  will  almost  certainly  be 
required. 

Properties  required  of  the  air  cushion  trunk  are  as  follows: 

Retractabillty 

Durability 

Ease  of  Braking 

Mlni-iurr.  weight 

Flexibility  (for  performance) 

Simplicity  (for  low  cost) 

Stability 

Consideration  of  the  above  factors  has  led  to  the  selection  of  the  single  maximum  area 
bag  type  trunk,  using  one  way  stretch  elastic  retraction  as  the  preferred  configuration. 
The  pz«sent  study  has  shown  this  configuration  to  be  feasible.  However,  other  con¬ 
figurations  having  significant  advantage  have  been  studied.  A  comparison  is  made  in 
Table  I. 


CUSHION  CONFIGURATIONS 
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REMARKS 

Single  Air  Feed 

Smaller  Area  Than 

No.  1 

Noee  Plenum  re¬ 
traction  not  studied. 
May  Not  be  Needed. 

Retractable  con¬ 
ventional  Tip  Floats 
Are  Possible 

Retraction  Not 

Studied 

Methods  Not  Studied 
iu  Detail 

PRINCIPAL 

DISADVANTAGES 

None 

Heavy  -  Complex 

Low  Performance 
(none  over  water) , 
Internal  Ducting 

Additional  Tip  Float 
System 

Low  Performance ,  "n- 
6 tabic  in  roll,  No 
Braking,  Internal  Duct¬ 
ing,  Low  Energy  Ab¬ 
sorption 

Heavy,  Complex  and 
Costly 

PRINCIPAL 

ADVANTAGES 
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1.  Single  main  cushion 
(elastic  retraction) 

2.  Maximum  area  Main 
sod  Nose  Cushion  (elastic 
Retraction; 

3.  Small  Main  Bag  and 
Nose  Plenum 

4.  As  No.  1  or  2  with 

Tip  Floats 

5.  Double  Main  Plenum 
Plus  Noee  Plenum 

5.  Mechanical  Retrac¬ 
tion  of  Configuration  1. 
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Three-view  drawings  were  made  of  the  first  four  configurations,  drawing  num¬ 
bers  D7233-099004,  D7233-099005  and  D7233-099006,  reproduced  in  this  report  as 
Figures  2,  8,  and  9,  Figure  61  Illustrates  configuration  5.  Configurations  1.  3  and  3 
were  tested  in  the  wind  tunnei. 

It  will  be  seen  from  these  drawings  that  ail  the  bag  trunk  configurations  are 
parallel  elded  with  toroidal  ends  and  have  the  same  cross  section  under  1  g  load,  this 
cross  section  being  maintained  through  any  plan  radius  at  the  ends.  The  detail  design 
of  the  trunk  is  discussed  in  the  next  section.  The  trunk  design  1b  a  new  one,  of  a  type 
not  previously  tried.  It  is,  however,  derived  from  the  typical  annular  Jet  bag  trunk 
which  Itself  replaced  the  earlier  complex  ribbed  trunk  in  air  cushion  vehicles.  These 
different  approaches  are  compared  in  Figure  10. 

The  cross-section  shape  of  the  bag  trunk  at  1  g  load  is  determined  by  the  selec¬ 
ted  cushion  pressure/jet  pressure  ratio  and  by  the  length  and  center  position  of  tho 
outer  radius.  The  way  these  variations  affect  the  cross-section  shape  is  shown  in 
Figure  11.  The  recommended  design  cross-section  it;  the  top  figure  in  each  block. 

In  this  case  the  fuselage  is  supported  at  the  same  ground  clearance  and  attitude  as  It 
Is  on  tho  wheels.  The  variations  shown  are  all  practical.  Comments  ore  us  follows: 

In  the  case  of  increasing  Rj  the  Increased  trunk  depth  provides  a  longer  stroke 
for  energy  absorption  without  cxcensive  g  (i.e.  a  softer  system)  at  the  expense  of 
material  weight.  The  inflated/deflated  ratio  tends  to  reduce  slightly  with  Increasing 
depth  until  tho  trunk  inner  attachments  coincide  in  tho  middle  whoD  it  starts  to  increase 
Sharply.  (Figure  11  (a)). 

Increasing  trunk  pressure  (Pj)  increases  static  roll  stability  and  energy  absorp¬ 
tion  but  reduces  terrain  capability.  Below  Pc/Pj  =  0  4  stretch  increases  markedly 
(Figure  II  (b)). 

Raising  the  aircraft  out  of  the  trunk  as  shown  in  Figure  11  (c)  increases  trunk 
depth  In  the  best  way  and  spreading  the  trunk  as  shown  in  Figure  17  (d)  is  effective 
in  increasing  roll  stiffness  and  cushion  area  und  reducing  wave  drag.  In  the  former 
case  if  the  upper  attach  point  starts  around  the  radius  the  irilated/deflated  ratio  in¬ 
creases  very  rapidiy. 

Analysis  and  teste  diccuosed  in  the  following  sections  indicate  that  the  selected 
design  point  is  the  most  suitable  compromise  for  the  test  installation. 

B.  TRUNK  DESIGN  AND  ELASTIC  ANALYSIS 

1.  Description 

The  detail  trunk  design  is  illustrated  on  drawing  No.  D7233 -188001  (Figure 
12).  This  cross-soction  is  maintained  around  the  entire  bag  circumference.  The 
elastic  material  specified  is  a  four-piy  sheet  of  one  way  stretch.  It  consists  ol  four 
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Air  Flow 


Closely  Spaced 
Ribs  Required 
To  Maintain 
Shape 


Outer  Wall 
Inner  Wall 


Diaphragm  Necessary  to 
Prevent  Straight  Side 
From  Billowing 


This  Design  Provided  a  Well  Directed 
■  Annular  Jet  in  a  Flexible 
Structure.  The  Many  Ribs 
And  Bonded  Joints  Required 
Introduced  Local  Stiffness 
With  Resultant  Wear  and 
Damage 


/a)  Original  USN  SKMR  Trunk 


Single  Bag  With 
Local  Air  Feed 


-Nozzle 
Eliminated  by 
Distributed  Jet 
~r~r~TT  /  t  /  >  ttt 


The  C-119  Air  Cushion  Landing 
Gear  Design  Avoids  a  Nozzle 
Structure  But  Has  Lower  Jet 
Height.  The  Ends  are  Toroidal 
and  Local  Stiffness  Corners 
Are  Eliminated.  It  is  Cleanly 
Retractaolc 


(c)  C-119  Air  Cushion  Trunk 
Figure  10.  Comparison  of  Trunk  Designs 
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NOTE:  For  assembly  mala  sheet  ia  stretched 
across  fuselage  to  deflated  p  sltioii. 
(Approximately  10  Ib/in.  length  pre¬ 
load.)  Body  attachments  are  installed 
and  center  panel  Is  then  cut  out. 
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Approx.  0.10  wall 
thickness  between 
treads  (Ref). 


Pneumatic  manifold  to 
shuttl  valve  In  cabin 
(see  Inboard  profile) 

10  or/  sq  yd  nylon- 
neoprene  cloth 
vulcanized  at  Joints.  . 
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Deflated  (f 
position 


60  in.  rad  struck  from  gi 
tangent  datum  (Ref). 
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-  Valve  tubes  -  10  oz/sq  yd  nylon- >■ 
envelope-type  ends  and  manifold  c 
vulcanized  to  valve  flaps  In  flat  (vi 
configuration. 

Valve  flaps  -  60  duromoter  neopre 
layer  of  6  oz/sq  yd  nylon  bonded  t< 
In  slack  condition  with  9M  L’,C.  13 


X 


View  on  "A"  of 
hole  pattern  In 
tread  moldings. 


.'Xtre  12.  Cross  Sootion  of  0-110  Air  Cushion  Design 
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sheets  of  nylon  fabric  (Stern  and  Stern  type  A5063)  with  natural  rubber  laj'ers  sand¬ 
wiched  between  each  sheet.  The  outside  is  coated  with  Neoprene.  The  purpose  of  this 
construction  is  to  combine  the  characteristics  of  the  individual  components  for  an 
ideal  composite.  Thus: 

(a)  The  nylon  is  woven  with  coiled  fill  threads  and  has  an  elongation 
of  approximately  300%  (4  :  1)  before  the  threads  are  straightened. 

It  stretches  very  easily  to  this  point  (a  mechanical  extension! 
after  which  it  has  considerable  ultimate  load  capacity.  Load  capa¬ 
city  at  full  stretch  and  tear  resistance  are  the  properties  provided. 

(b!  The  natural  rubber  provides  the  best  possible  elastic  behavior. 
Numerous  synthetics  have  been  considered  but  comparable  elas¬ 
ticity  is  very  hard  to  find. 

(c)  The  neoprene  provides  environmental  .protection  for  the  natural 
rubber  and  being  more  plastic  is  better  as  an  outside  coat.  The 
natural  rubber  has  more  tendency  tc  develop  local  high  stress 
and  break  Into  holes.  Random  breakdown  inside  the  sheet  is  not 
objectlonabto.  In  normal  stretch  both  rubber  and  neoprene  will 
easily  elongate  700%. 

The  material  specified  Is  not  considered  ideal.  It  is  believed  that  substantial 
Improvements  in  tear  strength  and  streugth/welght  ratio  will  be  made.  However,  it 
is  available  and  suitable  for  the  test  aircraft.  Its  elastic  characteristic  and  ultimate 
strength  are  shown  in  Figure  13.  The  working  point  is  also  indicated.  This  is  found 
from 

-  T  -  y, 

-  ~~x  30  =  69.3  lb/in. 

244 

The  trunk  sheet  is  made  from  two  pieces  of  72  inch  wide  material  and  one  piece 
30  inches  wide.  The  complete  single  sheet  Is  a  rectangle  measuring  14.5  x  45  ft. 
before  assembly.  The  72  lacb  wide  material  Is  the  coated  width.  Procurement  of 
14.5  ft.  wide  material  is  not  possible.  The  pylon  material  is  only  available  12  inches 
wide.  (If  la  woven  wide  and  contracts  after  being  removed  from  the  loom).  Thus 
each  nylon  ply  in  the  6  foot  material  is  made  from  6  widths  stitched  at  (he  selvedges. 
The  total  cost  of  the  basic  trunk  sheet  is  estimated  to  be  in  the  order  of  $5000. 


The  elastic  material  is  not  designed  to  withstand  wear.  To  provide  durability 
a  tread  section  Is  attached  to  the  sheet.  This  extends  from  the  ground  tangent  inwards 
and  outwards  to  protect  the  area  where  the  bag  may  contact  the  ground.  This  Is  a 
urethane  accordion  molding  made  In  sections  and  stitched  through  the  trunk  sheet. 

The  stitch  lines  He  along  the  warp  of  the  basic  trunk  including  at  the  ends;  the  accor¬ 
dion  folds  being  aligned  with  the  stretch  direction  at  all  times.  Each  hoop  of  the 
molding  incorporates  a  slant  orifice  so  that  a  distributed  inward  facing  jet  pattern  is 
established  over  a  wide  area  These  orifices  register  with  boles  in  the  trunk  sheet 
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13.  Material  Stretch  Characteristics 
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on  inflation.  At  the  edges  of  the  molding  a  strong  riveted  and  bonded  joint  is 
made. 

The  reasons  for  this  jet  pattern  are  as  follows: 

(a)  Discrete  holes  are  used  to  avoid  the  need  for  bridging  a  slot 
with  ties.  It  is  not  possible  to  achieve  equivalent  flexibility 
with  slots  whose  edges  must  be  stiffened  to  take  bending  Load. 
Furthermore,  at  the  ends,  the  slots  (which  must  lie  in  the 
stretch  direction)  would  not  be  peripheral.  It  is  feasible  to 
consider  a  built-up  nozzle  structure  on  the  outside  of  the  bag 
but  this  is  complex,  causes  retracted  drag  and  interferes 
with  retraction.  Additionally  it  must  be  backed  by  large  holes 
in  the  basic  sheet  is  excessive  pressure  drop  is  to  be  avoided. 

(b)  Rather  than  a  single  line  of  discrete  holes  at  the  ground  tangent 
the  jets  a .re  spread  inwards  for  two  reasons:  first  to  provide 
optimum  sir  lubrication;  second  to  avoid  local  suction  forces 
leading  to  dynamic  instability  and  ground  resonance. 

If  the  aircraft  pitch  or  roll  attitude  is  changed  without  alteration  of  cushion 
pressure  such  as  will  deflect  the  cushion  outwardly  and  maintain  an  air  clearance, 
then  the  trunk  will  flatten  in  ground  contact.  It  has  been  found  from  tests  that  this 
contact  area  can  be  reliably  "air  lubricated",  to  avoid  friction  drag.  The  trunk  pres¬ 
sure  is  realized  on  the  outside  between  the  sheet  and  the  ground,  abrupt  pressure  drop 
occurring  at  the  flattened  edges;  to  the  inside  to  cushion  pressure  and  to  the  outside 
to  atmosphere.  The  membrane  is  not  pressed  onto  the  surface.  The  most  effective 
"air-lubrication"  is  obtained  with  a  distributed  jet. 

In  the  second  place  dynamic  instability  is  reliably  iuhibneu  by  having  the  jet 
pattern  dispersed  away  from  the  ground  tangent.  The  reason  for  thli.  Is  further  dis¬ 
cussed  in  Section  II, F. 

For  braking,  cushion  pressure  ic  destroyed  and  the  weight  transferred  by  direct 
contact  of  the  tread  with  the  ground  over  a  wide  area.  At  gross  weight  the  contact 
area  Is  approximately  140  ft*  giving  an  average  contact  width  of  about  20  inches, 
half  the  tread  width  in  the  inflated  condition.  To  eliminate  cushion  pressure  and 
maintain  the  bag  inflated  the  nozzles  must  be  closed.  This  is  accomplished  by  the 
pneumatic  valve  system  shown.  Each  row  of  nozzle  boles  is  blanketed  by  a  long 
peripheral  strip,  bonded  to  the  inside  wall.  These  are  made  of  natural  rubber.  On 
the  inside  face  of  each  strip  thin-walled  tubes  of  coated  material  are  bonded  across 
the  width  of  the  strip.  These  tubes  are  suitably  manifolded  to  a  moderate  pressure 
air  supply  -  in  this  case  engine  bleed  air  and  when  inflated.,  lift  the  flaps  to  open  the 
nozzles  and  form  tha  air  cushion. 
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2.  Assembly  Method 

The  complete  nozzle  and  tread  system  is  attached  to  the  trunk  sheet  before 
assembly.  To  accomplish  assembly  the  outer  edges  of  the  trunk  sheet  at  the  sides  are 
attached  to  heavy  rails  which  are  jacked  close  to  either  side  of  the  aircraft.  This  pro¬ 
vides  the  required  prestretch,  which  !a  10  Ib/in.  The  total  lift  on  each  rail  is  approxi¬ 
mately  5000  pounds.  The  side  and  inner  attachments  (illustrated  in  Figure  12)  are 
then  made.  The  inner  attachment  line  lies  outside  the  center  panel  of  the  trunk  sheet 
along  the  sides.  Thus  the  side  portions  of  the  trunk  are  effectively  of  one  piece  con¬ 
struction.  After  assembly  the  center  panel  inside  the  attachment  ie  cut  out  and  dis¬ 
carded.  Seams  joining  the  panels  only  appear  at  the  ends  as  shown  in  the  following 
sketch  of  the  trunk  sheet. 


Seams 


Because  the  material  does  not  stretch  in  the  fore  and  aft  direction,  it  must  be  pulled 
towards  the  center  at  the  ends  to  provide  spare  material,  before  making  the  attach¬ 
ment.  This  is  accomplished  by  wrinkling  the  sheet  laterally  before  prestretcb  aud 
fixing  lecal  damps  on  the  wrinkles  on  the  outside.  The  required  longitudinal  con¬ 
traction  is  accomplished  by  block  and  tackle  connecting  the  end  clamp  and  the  end 
attachments  are  then  made.  This  contraction  causes  the  material  to  lie  in  a  few 
tight  lateral  folds  at  the  ends  outside  the  tread  section  when  deflated.  The  effect  can 
be  aeen  on  the  J./12  scale  model  photograph  of  Figure  14.  This  shows  the  C-119 
lower  fuselage  obeli  with  an  elastic  shoot  attached  to  it  adjusted  to  give  a  regular  in¬ 
flated  shape. 

Good  progress  towards  the  development  of  the  tread  and  elastic  material  at 
C-119  scale  has  been  made  by  Bell  Aerosyatems  in  an  Independent  Research  and 
Development  program,  A  small  portion  of  this  type  of  molding  roughly  bonded  to  a 
four-ply  piece  i»  shown  in  Figure  15  slack  and  in  Figure  16  stretched  to  a  load  of 
70  Ib/in.  Satisfactory  performance  from  the  type  of  nozzle  valve  incorporated  in  the 
design  has  also  been  obtained  in  teats. 
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Figure  14.  C-119  1/12  Seale  Model  With  Elastic  Trunk 
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It  is  seen  from  Figure  13  that  the  ultimate  strength  of  the  material  is 
greater  than  the  twwHiS52Jlos~  dssigu  tension  by  a  factor  of  3.5.  This  ia  satis¬ 
factory,  however  three-dimensions! ly  the  tension  is  not  constant,  due  to  the  etfect  of 
hoop  stress,  at  the  ends.  An  analysis  of  local  stress  in  the  material  leading  to  a 
method  of  Integrating  material  stretch  at  all  points  to  find  alack  shape  ie  given  In  the 
followup  par«f*apfcs. 

3.  Stress  Analysis 

The  tension  at  a  point  P  anywhere  on  the  surface  of  a  thin  toroidal  shell 
(Figure  17)  is  considered  in  two  parts;  that  due  to  hoop  stress  which  acts  in  the  hori¬ 
zontal  plane  and  that  due  to  meridional  stress  which  acts  in  the  vertical  plane  passing 
through  the  axis  of  the  torus. 

Because  of  the  cushion  pressure  the  resulting  toroidal  end  is  lop-sided,  the 
inter  radius  being  double  the  outer  radius.  However,  the  abrupt  change  in  meridional 
section  radius  is  caused  by  an  abrupt  change  in  pressure  differential  across  the  mem¬ 
brane  so  that  there  is  no  discontinuity  in  tension  at  the  ground  tangent. 


The  hoop  and  meridianal  tensions  have  been  developed  in  Reference  1.  By 
considering  an  element  of  the  membrane  it  is  shown  that  hoop  tension 


(1) 


Where  Is  the  meridional  radius,  in  this  case  the  outer  radius  is  used  so  that  p  is 

the  trunk  pressure  above  ambient. 

S  ' 

Meridional  tension  is  variable,  being  modified  by  the  hoop  tension 
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Note  that  this  expression  becomes  pR^  (the  two-dimensional  value),  when  =  b. 

The  two  tensions  both  have  a  component  in  the  lateral  direction  and  can  bo 
resolved  and  summed  to  find  the  total  lateral  tension  at  p  as  follows  (see  Figure  18). 
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Maximum  stress  is  found  to  occur  on  the  inner  attachment  line  at  the  ends  and  is 
equal  to  1,4  times  the  two-dimensional  value.  Thus  the  ultimate  load  factor  for  the 
present  material  is  reduced  to  2.5  at  this  local  point.  Minimum  stress  occurs  at  the 
outer  attachment  point  at  the  ends,  and  is  approximately  half  the  two-dimensional 

value. 


4.  Determination  of  Slack  Shape 

The  two-dimensional  geometry  having  been  determined  (Station  A)  a  series 
of  lateral  sections  (Station  B,  C,  D  etc.)  arc  drawn,  the  section  at  any  radius  being 
the  same  as  A  or  part  of  A  If  interrupted  by  the  body  (Figure  IS).  Because  of  the 
symmetry  these  station  lines  are  also  buttock  linr>B  save  where  the  body  limits  them 
differently.  For  convenience  buttock  sections  may  also  be  drawn  in  the  side  elevation. 
The  stations  lie  generally  In  the  stretch  direction.  For  a  series  of  points  on  each 
station,  both  rc  and  the  angles  9  ,  X  and  ^  can  be  measured;  b  is  constant.  Thus 
the  tension  at  any  point  can  be  calculated.  Using  the  material  characteristic  (conven¬ 
iently  shown  in  the  form  of  Figure  19)*,  the  olack/stretched  ratio  at  any  point  is  then 
found  and  plotted  versus  the  inflated  station  length  around  the  contour,  (Figure  20). 

The  area  under  this  curve  is  a  first  approximation  of  station  length. 

Similarly  by  partial  integration  the  slack  length  to  any  chosen  position  on  the 
approximate  inflated  length  can  be  drawn  for  each  station  (Figure  21). 

The  inflated  station  lines  will  not  retract  as  straight  lines  at  the  same  longi¬ 
tudinal  position  on  the  alack  sheet.  However,  the  slack  buttock  lines,  which  lie  plumb 
in  the  non-stretch  direction  as  straight  threads  and  may  be  assumed  not  to  change  in 
length  can  now  be  drawn  on  the  inflated  shape  and  their  junction  line  with  th  fuselage 
so  determined.  For  convenience,  the  inflated  length  along  any  station  is  plotted 
against  the  buttock  distance  x  (Inflated).  Figure  22. 

Suitable  slack  buttock  lines  are  laid  on  Figure  21  and  the  inflated  lengtn 
is  used  to  enter  Figure  22  and  find  the  Inflated  buttock  distance  x  The  slack  but¬ 
tock  line  lengths  are  deie.'mined  by  measurement  of  the  surface  distance  on  a  three 
dimensional  mold  of  tlie  inflated  shape.  The  total  length  of  these  lines  from  station 
A  fore  or  aft  now  enables  an  approximate  slack  shape  to  be  determined.  (Figure  23), 
Also  the  position  of  each  point  can  be  registered  with  its  corresponding  point  on  the 
body. 


Since  the  slack  buttock  lines  are  assumed  not  to  stretch,  the  position  of 
particular  stretch  threads  or  slack  station  lines  can  now  be  drawn  more  accurately 
at  chosen  intervals  from  station  A  along  these  lines.  It  will  be  seen  that  an  iterative 
procedure  has  now  been  developed  since  the  ieiision  a iong  the  stretch  thread  can  now 
bo  recalculated  to  reposition  the  slack  buttock  lines,  etc. 


*  This  la  a  two-ply  material  characteristic.  Two-ply  was  used  for  the  whirling  arm 
model  which  is  i/3  scale  to  the  C-119, 
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Figure  21 ,  Slack  Length  vertue  Inflated  Length 
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Figure  22.  Euttock  Line  Distances 
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Figure  23.  Calculated  Flat  Slack  Shape 
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The  first  approximation  of  this  method  was  applied  to  fabricate  the  1/3 
scale  model  trunk.  It  was  found  io  provide  oxcess  material  in  the  diagonal  corners  of 
the  sheets  as  Indicated  on  Figure  23.  Further  analysis  including  the  effect  of  hoop 
tension  carried  along  the  parallel  sides,  which  has  an  influence  on  stretch  not  con¬ 
sidered  here,  is  considered  to  be  valuable.  An  accurate  method  of  shape  prediction 
is  strongly  needed.  Such  analysis  also  provide^  considerable  understanding  of  the 
elastic  retraction  mechanism. 

C.  PGWEPING,  AIRFLOW  AND  JET  HEIGHT 

1 .  General 

In  Air  Cushion  Vehicles  experience  it  is  found  that  the  capability  of  a  par¬ 
ticular  design  employing  a  given  trunk  design  is  related  to  the  "air  clearance"  or 
"jet  height". 

General  observation  of  Comparative  vehicle  behavior  also  indicates  that 
cushion  systems  having  poor  basic  jet  height  efficiency  (high  cushion  exhaust  dis¬ 
charge  coefficient)  lose  performance  les6  rapidly  over  rough  surfaces.  Such  a  case 
Is  the  plain  plenum  chamber  configuration.  It  may  be  said  that  as  roughness  increases 
so  that  large  local  irregular  venting  passages  are  formed  beneath  the  bottom  of  the 
skirt  or  truck,  'll  configurations  tend  to  behave  like  the  plenum  chamber. 

On  these  grounds  it  is  reasorw:te  to  assume  that  if  a  theoretical  jet  height 
similar  to  those  currently  in  use  on  ACV's  is  provided,  in  this  case,  satisfactory 
performance  will  be  achieved.  The  design  jet  height  to  be  chosen  will  be  the  minimum 
at  which  tolerable  performance  to  moderate  speed  has  been  achieved  on  ACV's  -  two 
to  three  inches.  In  the  case  of  the  air  cushion  landing  gear  the  jet  height  will  increase 
markedly  with  speed  because  wing  life  will  reduce  cushion  pressure  upon  which  jet 
height  depends  strongly. 

A  method  for  calculating  jet  height  will  first  be  presented  after  which  the 
performance  of  alternative  configurations  will  be  analyzed. 

2.  Cushion  Flow  and  Powering  at  Low  Jet  Height 

At  moderate  jet  height,  i.e.,  where  the  jet  height  is  at  least  twice  the  annular 
nozzle  gap  it  has  commonly  been  sufficient  to  assume  that  nozzle  jet  velocity  from 
which  mass  flow  Is  computed  Is  average  between  the  inside  and  outside  of  the  Jet. 

Thus  flow  is  given  by 
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Where  Q  is  the  volume  flow,  P4,  are  jet  sod  cushion  pressure  S  »d  S  i  O  U16 
eoss'.e  $rs*,  :  "  ;  '  ■  5  ‘‘ '  N 

At  low  jet  height  the  assumption  brerks  down  because  It  is  based  on  a  con¬ 
stant  Jet  width,  which  is  not  realistic.  For  example  at  sere  jet  height  where  the  flow 

is  cut  off  altogether  and  p  *  P  the  above  formula  gives  a  flow 

c  5 


For  low  jet  height  calculations  it  is  necessary  to  have  a  more  realistic 
performance  method.  In  the  present  analysis  a  simple  flow  model  is  assumed  which 
provides  a  rational  method  of  calculating  flow  down  to  the  ou.'  off  point.  New  deriva¬ 
tions  of  cushion  pressure  recovery  as  well  as  flow  and  power  parameters  are  made. 
The  alternative  formula  for  cushion  pressure  recovery  agrees  ex.acvly  with  the  pre¬ 
vious  method  at  45°  Jet  angle,  but  a  aatisfactory  approximation  tq  flow  and  horse¬ 
power  at  Low  jet  height  is  not  combined  with  it. 


A  geometry  which  allows  for  the  thickness  of  the  jet  escaping  along  the 
ground  to  be  a  decreasing  fraction  of  the  i^rzxle  gap  is  used.  This  is  defined  end  com¬ 
pared  with  the  previous  assumption  in  th~  two  dimensional  crons  sections  shown  in 
Figure  24. 


The  following  assumptions  are  made; 


t  g 

A  °A 


The  ground  jet  has  uniform  velocity  V 


J' 


From  the  geometry: 

h  =  h  +  g  sin  9 
o 

-  R  (1  +  sin  9 )  +  t  -  t 


Whence,  R  * 


Also,  R 


h  +  g  sin  0  -t  +  t 

o  °  o 

1  +  sin  Q 

h  -t 
o  o 


o  1  +  sin  Q 
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Thia  expression  relates  the  thickness  of  the  Jut  along  the  ground  l  to  the  nozzle 
width  g  aoi  is  solved  fo.-  0  -  45r  produce  the  variation  shown  in  Figure  25.  Flow 
may  now  b»  determine''  ;*on<  * 
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Q  - -  xt 

■  p  c 


(c  is  the  perimeter} 
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Ground  Jet  Thickness 


e  25.  Variation  of  Ground  Jet  Thickness  with  Jet  Height 
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Alternatively  a  nondwr.cnsional  flow  parameter  may  be  used 


x 


t 

7 


Since  pc/Pj  is  a  function  of  h/g,  and  t/g  is  given  in  Figure  25  the  RHS  of  this  equa  ¬ 
tion  is  known.  Using  the  following  evaluation  it  is  plotted  versus  h/g  in  Figure  23. 


The  flow  curve  which  results  from  the  average  assumption 
is  also  shown  for  comparison. 
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which  may  be  compared  vdth  the  standard  expression: 


1 


-2  g/h  (1 


sin  ff  ) 


and  is  found  to  give  a  nearly  identical  result  for  $  -  45°  when  the  t/g  relationship 
from  Figure  25  is  used.  Equation  (5)  is  also  plotted  for  9  =  45°  In  Figure  26. 
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Jet  Height/Nozzle  Cap  -  h/g 

Figure  26.  Variations  of  Pressure  and  Flow  with  Jet  Height 
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Jet  Horsepower 


Neglecting  compressibility,  jet  horsepower  Is  given  by 


©  ,  P 


J 


550 


To  show  the  variation  of  power  with  Jet  height  a  nondimen6iona!  power  para¬ 
meter  is  used. 


550  hp 


L 


3/2 


=  f  (h/g) 


This  is  plotted  In  Figure  27.  The  variation  is  nearly  linear  in  the  range 
h/g  -3  to  8.  Below  and  above  these  heights  more  horsepower  Is  required  for  in 
equivalent  jet  height.  This  effect  is  better  illustra.ed  by  plotting  the  variation  of  the 
horsepower  to  Jet  height  ratio: 


550  hp 


c.h.p 


3/2 


x  .  =  f  (h/g) 


(6) 


Also  since  the  cushion  pressure  ratio  is  the  more  fundamental  design  criterion 
particularly  for  bag  trunks  where  the  basic  ratio  chosen  so  strongly  affects  trunk 
shape,  stability,  energy  absorption,  etc. ,  the  above  horsepower  jet  height  non- 
dimensional  ratio  is  preferrably  shown  versus  cushion  pressure  ratio  as  in 
Figure  28. 


3  Basic  Configuration  Jet  Height  Analysis 

For  the  basic  configuration,  the  following  parameters  apply  (See 

Figure  2). 

W  =  60,000  lb  S  =  360.5  ft2 

c 

c  =80.8  ft2 


60,000  lb  represents  a  maximum  gross  weight  condition.  A  minimum  test  weight 
of  approximately  47,500  pounds  is  feasible.  The  system  will  be  designed  for  60,000 
pounds  but  to  determine  static  performance  at  lighter  weight  and  to  show  the  effect 
of  wing  lift  on  jet  height,  this  will  be  evaluated  over  the  complete  weight  range.  The 
design  point  case  is  treated  first: 


1. 
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Jet  Height  /  Nozzle  Gap  -  n/g 
Variation  of  Horsepower  with  Jet  He 


Cushion  Pressure 


Figure  28.  Variation  of  Horsepower/Jet  Height  with  p  /P.  Parameter  with  Cushion  Pressure  Ratio 
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Two  power  units  have  been  considered.  One  is  based  on  the  use  of  one 
T-  57  of  1540  bhp  and  the  other  on  two  T-58/10  of  1400  hp  each.  In  both  cases  an 
overall  efficiency  of  0.7  to  convert  brake  horsepower  is  assumed.  This  factor 
account*  foi  fan  adiabatic  efficiency,  fan  entry  and  diffuser  loss  and  trunk  entry  port 
loss. 


Jet  height  is  plotted  against  horsepower  and  flow  in  Figure  29.  This  is  the 
theoretical  annular  jet  daylight  clearance  (an  alternative  term)  with  45°  inward  facing 
jei  slot.  In  practice  the  true  annular  jet  with  45°  inward  facing  jet  achieves  about  85% 
jet  height  efficiency.  The  present  trunk  design  with  distributed  jets  is  not  expected 
to  achieve  more  than  50%  jet  height  effio:ency.  These  three  jet  heights  of  interest  are 
tabulated  as  follows  for  the  two  alternative  power  systems,  together  with  flow  and 
equivalent  annular  nozzle  gap  and  flow  rrea. 


One  T-67 

Two  T-58/10 

Theoretical  annular  h^ 

Practical  annular  Jet  h. 

j 

2.85  in. 

5.20  in. 

2.42  in. 

4.42  in. 

Estimated  distributed  jet  h 

3  ^ 

Flew,  ft  /sec 

1.425  in. 

2.60  in. 

1780 

3250 

Equivalent  gap, 

0.57  in. 

1.04  in. 

2 

Net  nozzle  area,  ft 

3.84 

7.0 

45 
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C-119  60,000  lb  G.W. 
Pc/Pj  -  0.5 


Air  Flow  ■ 


o 

2  3 

<a 

as 


One  T -67 


Two  T-.W10 


Jet  Horse¬ 
power 


Cushion  Airflow  -  ft’  /sec 


Jet  Horsepower 


Figure  29.  C-119  Horsepower,  Flow  and  Jet  Height 
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The  practical  annular  jet  height  o>  £.42  inches  is  considered  adequate.  However,  for 
test  purposes  the  ample  power  in  vic  'd  by  the  T  58  engines  is  attractive.  It  is  con¬ 
sidered  that  these  two  power  systems  effectively  illustrate  alternative  possibilities. 
Hov  ov.'  - ,  cue  of  obsolescent  turbines  or  even  piston  engines  is  not  ruled  out. 

The  vurirtion  of  jet  height  with  weight  will  be  illustrated  at  the  lower 
powe*  lev e’.  Strictly  ihc  variation  at  constant  engine  throttle  setting-  is  required  but 
lor  simplicity  constant  jet  horsepower  will  tie  used.  The  reduction  in  cushion  pressure 
V/ith  weight  is  modified  by  the  change  in  bag  shape  which  occurs  a6  pc/Pi  changes  so 
that  iteration  foi  cushion  prea  is  required.  The  hag  also  changes  Bhape  slightly  be¬ 
cause  the  material  tension  increases  and  alters  the  length.  These  ate  minor  effects 
but  are  accounted  for  in  the  following  mid-weight  calculation. 


w  ib 

30,000 

W/S^  (at  00,000  lb)  lb/ft2 

83 

Fc>  lb/ft2 

90 

P. 

) 

P  /?, 

321 

0.28 

c  J 

V*2 

0.72 

bPj 

1,080 

Q  ftVsec 

1,845 

h/g 

10.6 

2 

Nozzle  area  remains  unchanged  at  3.84  ft  . 

Cushion  area  (Sc)  is  assumed  to  be  re- 

dated  in  proportion  to  the  inward  movement  of  the  ground  tangent  at  the  sides.  The 

two  cross  sections  are  compared  in  Figure  30.  Notice  that  tension  increase  is  109t 
resulting  in  a  6%  extension.  (See  Figure  13.)  Also  as  jet  height  increases  there  is 
2  slight  increase  in  cushion  flow  and  reduction  of  pressure  at  constant  jet  horse¬ 
power. 


Jet  height  is  plotted  over  cushion  lift  in  Figure  31. 

4.  Alternate  Configurations 

a.  Dual  Cushion  with  Tip  Floats 

The  purpose  of  the  dual  cushion  arraingement  is  to  increase  pitch  stiff 
neas  and  ease  takeoff  rotation,  the  two  cushions  effectively  performing  the  functions  of 
the  alrc.aft's  main  and  nose  gear.  Since  it  is  found  from  test  that  the  single  cushion 
has  adequate  stiffness  and  does  not  appear  to  have  a  rotation  problem,  the  simpler 
single  cushion  is  preferred.  As  is  seen  from  Figure  8S  the  total  cushion  area  ?s 
271  +  87  —  almost  the  same  as  the  basic  version.  Jet  height  performance  will  be 
very  similar  and  requires  no  separate  evaluation. 


47 


atica  of  Jet  Height  With  Lift 
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This  version  includes  he  wing  tip  air  cushion  floats  which  were  one 
of  the  bases  for  the  whirling  arm  mode!  design.  These  are  no4  included  or  the  basic 
version  because  they  are  now  thought  to  be  unnecessary  over  land  and  if  required 
for  overwater  do  not  need  to  be  in  air  cushion  form,  if  required,  it  is  thought  they 
should  re  powered  to  achieve  the  same  type  of  performance  as  the  main  cushion  at 
h  load  equivalent  to  a  maximum  side  gust  rolling  moment.  Rolling  moment  for  f. 
side  gust  is  estimated  subsequently(ln  Section  II.E.l  (c.f. )),  to  be  42,500  lb/ft. 

The  floats  are  positioned  38.8  ft  from  the  center  line.  Thus,  the  required  load  = 
42,500/38.8  -  1090  lb.  The  tip  float  area  Is  16.6  ft2  and  perimeter  is  14.7  ft 
(Figure  8).  Cushion  pressure  is  1090/16.6  =  65.8  lb/ft2.  In  the  case  of  the  tip  float 
there  is  no  requirement  for  roll  stiffness  and  little  advantage  In  having  high  energy 
absorption.  On  the  other  hand  a  ooft  bag  will  give  the  beet  terrain  performance. 
Since  a  soft  bag  can  be  used  the  Jet  height  will  be  arbitrarily  reduced  from  2.85  to 
2.0  inches.  A  Pc/Pj  for  optimum  power  to  jet  height  can  be  chosen.  From  Figure  28 
at  Fc/Pj  -  0.73 

19  i:p  /l.c  pc  3//2  =0.44 

hp 

v)  0.44  x  14.7  x  540 
h  "  "19x12 


15.3  hp^/lncb 


For  2.0  inch 
efficiency  is 

fir. of  m/IIK  r*ws 


hj,  bhp  »  40,6  psfsumlng  an  •Tvcrall  efficiency  ot  0.75,  /.  higher  overall 
takon  In  this  face  sine#  It  is  asnuir-ed  the  fan  will  bo  positioned  In  tfc** 
idea!  diffuser.  A  hyor«u!lc  Siivm  viwuxtjzeu  wit-?,  a  special  pump  on 


each  main  power  unit. 


b.  Half  Length  Main  Cushion  with  None  Plenum 

This  ccnjlyi ration  (Figure  9J  Is  compared  with  ti>j  banlc  version  first 
to  find  the  power  required  for  equivalent  performance  Hr.d  Jet  height.  The  mule, 
cuahlon  is  cento rou  at  the  main  wheel  location  ax/ i  for  the  relatively  minor  support 
roqulred  at  the  noso  wheel  location  a  simpio  plenum  Independently  powered  --  is 
uood.  lor  load  diatributlo.n  tho  forward  c.g.  caeo  U  considered  {2 0''  0MC,  c.g. 
positions  1  and  3,  sec  Reference  2  u.  178).  'Iheo  t eking  moments  about  the  c.g. 
(Figure  9). 

.  l‘K  >•  3  Da-  -  >172,4 

Thus  Ln  »  0.123  (60,000  -  Ln) 

I.K,  -  OdOU  L,.  -  63,450 


60 
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We  also  have  S 

c 

c 

S 

c 

c 


=  166.3  (main) 

=  46.9  (main) 
=  20.8  (nose) 

-  16.2  (nose) 


The  same  cushion  trunk  pressure  ratio  wili  be  used. 


p  lb/ft2 

“  /» 

=  321 

V. 

m 

Pj  lb/ft2 

=  642 

hp/b 

=  6160 

For  the  nose  plenum  the  fan  outlet  pressure  will  be  taken  to  be  1.20 
times  plenum  pressure.  Fan  sizing  will  not  be  considered. 


p  lb/ft2 

=  314 

CN 

Pp  lb/ft2 

=  377 

Vj  ft/ sec 

=  513 

(  Pj  f  > 

Vi  Is  based  on  the  planum  pressure  Flow  Is  related  tn  Jet  height. 


*  *  V. 


V  c  v) 


(?) 


Where  Cj)  Is  a  discharge  coefficient  for  the  air  exhaust  ber.eath  the  bottom  of  the 
Skirt.  This  Is  a  s' ogle- sided  sharp  edged  orifice  and  an  average  value  between  that 
applicable  tc  a  three-dimensional  sharp-edged  orifice  and  1.0  is  used.  The  annular 
jet  may  also  bo  considered  to  have  an  effective  discharge  coefficient,  variable  with 
Pc/Pj.  The  above  equation  connecting  Q  and  may  be  written 

CD  "  XF. 

Q  /  P 

From  Figure  26  tb*  function - /- —  which  is  plotted  over  h/g  may  be 

c«  V  1  pc 

divltlod  by  h/g  to  obtain  an  equivalent  discharge  coefficient  for  the  annular  Jet,  and 


expressed  as  a  function  of  Pc/P 


y 


Figure  32  then  represents  a  comparison  of  plenum  chamber  and 
annular  Jot  on  a  discharge  coefficient  basis  and  it  Is  seen  that  for  the  case  in  point 


the  flexible  structure  ground  clearance  of  the  plenum  chamber  Is  35%  of  the  annular 
jet  at  the  same  value  of  flow  to  perimeter.  However,  it  was  pointed  out  earlier  that 
over  uneven  surfaces  the  annular  jet  tends  to  deteriorate  to  plenum  conditions.  There¬ 
fore,  a  jet  height  of  35%  of  the  annular  jet  will  be  required  for  the  plenum,  using 
annular  jet  performance  as  the  reference  datum. 

Actual  plenum  jet  height  to  provide  equivalent  performance  to  the 
basic  configuration  with  1540  bhp  will  be  0.35  x  2.85  =  1.0  in.  Comparative  power 
is  calculated  as  follows: 

Q„  =  0.82  x  16.2  x  513  x  0.0833 
N 

=  567  ft^/sec 
567  x  377 

bp.T  =  — — — — —  {0.82  ie  the  assumed  fan  efficiency) 

N  550  x  0.82 

=  474 

6160  2  85 

hp  =  — r-r-  x  —  (0.70  ie  the  overall  efficiency) 

M  0.7  12 

=  2096 

Total  hp  2570 

Thus  2/3  more  power  is  required  for  the  same  performance  with  this  configuration, 
c.  Three  Plenum  Chamber  Configuration 

The  gross  cushion  area  for  this  configuration  is  less  than  half  that  of 
the  basic  configuration.  Its  performance  will  therefore  be  very  poor  and  it  has  no 
overwater  capability,  and  other  road-block  disadvantages.  It  was  included  In  tests 
from  the  viewpoint  of  basic  feasibility  but  the  jet  height  and  powering  is  not  con¬ 
sidered  worth  detafl  examination. 
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D.  POWER  SYSTEM  PERFORMANCE  AND  PRELIMINARY  FAN  DESIGN 


1.  Description  of  Systems 

Two  alternative  power  systems  applicable  to  tbe  basic  configuration  are 
shown  on  the  Inboard  profile  drawings  D7233-099003  and  D7 233-099001  reproduced 
in  this  report  as  Figures  4  and  33.  Additionally,  a  cushion  fan  flow  diverter  scheme 
designed  to  match  the  first  power  installation  la  shown  in  Figure  34.  This  is  a 
desirable  option,  which  Is  recommended  for  either  configuration. 

In  Figure  34  a  single  T67  driving  au  axial  flow  fan  is  used.  The  fan  is 
centered  over  the  existing  floor  cut-out  la  the  forward  fuselage  aad  the  cargo  drop 
doors  removed.  These  are  replaced  with  permanent  structure  Incorporating  two 
trunk  entry  ports  symmetrically  placed  about  the  longitudinal  centerline-.  Fan  air 
is  diffused  in  the  outlet  annulus  to  a  depth  of  18  inches  below  the  second  stator,  feed¬ 
ing  into  a  plenum  box  mounted  from  the  floor  around  the  door  cut-out.  The  fan  unit 
is  of  welded  aluminum  construction.  The  inner  shroud  carrying  the  bearings  and  re¬ 
duction  gearbox  Is  connected  to  the  outer  shroud  through  the  stator  blades .  The  unit 
is  mounted  to  the  floor  by  tubular  struts.  A  fiberglass  bellmouth  and  center  fairing 
are  incorporated  above  the  fan,  which  draws  air  from  within  the  fuselage.  To  allow 
the  fan  to  breathe  freely  the  rear  paradrop  doors  will  be  opened  when  the  system  Is 
in  operation. 

Figure  4  shows  the  alternative  power  plant  using  two  T58/10  engines.  The 
engines  are  similarly  located  and  In  this  case  are  exampled  each  driving  a  backward 
curved  centrifugal  fan  of  the  squirrel  cage  type.  This  configuration  evidently  has 
better  reliability  because  of  the  twin  engine  feature.  It  Is  clear  that  alternative  com¬ 
binations  are  also  feasible,  for  example,  the  T67  can  drive  a  similar  centrifugal 
blower  or  the  T58  engines  can  be  coupled  to  drive  an  axial  fan.  The  choice  of  fan 
type  la  not  critical.  It  is  probable  that  the  centrifugal  has  a  somewhat  milder  Btall 
characteristic  and  is  more  rugged.  However,  the  axial  fan  Is  probably  lighter  and 
has  a  higher  design  point  efficiency.  In  both  cases  the  engines  ace  mounted  from  the 
floor  using  typical  welded  strut  supports  which  land  on  channels  attached  to  existing 
tie-down  points  (of  which  there  are  many)  on  the  cabin  floor. 

Engine  controls  and  Instruments  are  routed  to  the  cockpit  for  direct  opera¬ 
tion  by,  and  display  to,  the  crew.  An  observer/eng tneer  station  is  visualized,  adjacent 
to  the  engine  location. 

For  fuel  an  existing  C-119  LR  tank  is  used.  This  lo  designed  for  tie-down 
on  the  cabin  floor  and  Incorporates  a  booster  pump.  The  capacity  Ls  much  larger 
than  Is  needed  but  for  the  test  installation  this  is  of  no  consequence.  Use  of  JP2  Is 
desirable  because  of  its  low  flash  point. 
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1-  Hydraulic  Brui  Cylinder* 

2.  Inlet  A  Durttna  Ajij-  (Cushion  Air) 

3  Duct  Support  Bracket* 

4.  Air  Cushion  Trunk* 

•  -  Fan  Geer  Bax 
1.  Fan  Drive  Shaft 
fl.  inlet 

•  Cushion  Fan 
)0.  Stator  ViM« 

11.  Engine  Support* 

1?.  YT  C7-T-1  Continental  Twin  TUrboehaJt  Engine 
13.  Air  Jet  Control  Valve  Selector 
14  Air  Cushion  fyatem  Control  Panel 
13  Ermine  Exhaust 

1®  Air  Cushion  CnfflM  Fuel  Tat*  (C-U#  LR  Tai*> 
17  Plloie  Air  CuaAkm  Control  panel 
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To  control  the  nozzle  valving,  auxiliary  engine  bleed  air  will  be  used.  As 
drawn  the  layout  illustrates  a  selector  controlling  pressure  into  six  manifolds  collec¬ 
tively  or  differentially.  The  selector  is  operated  hydraulically  in  parallel  with  the 
wheel  brakes  by  the  pilot's  toe  pedals. 

The  flow  diverter  arrangement,  Figure  34,  incorporates  a  set  of  vanes  in 
the  trunk  entry  ports  operated  by  a  hydraulic  actuator  in  parallel  with  two  sets  of 
cascade  vanes  in  the  fuselage  sides  to  which  air  Is  ducced  through  tee  ducts  from  the 
plenum.  The  diversion  is  accomplished  in  response  to  an  ‘oflate/deflate  lever  in  the 
cockpit  and  provides  for  immediate  trunk  retraction  and  thrust  boost  on  the  initial 
climb.  The  vanes  in  the  diverter  exit  also  provide  additional  reverse  thrusi,  braking 
and  yaw  control  at  low  speeds  as  further  described  in  Section  fl.5. 

2.  Preliminary  Fan  Design 
a.  Axial  Flow  Fan 


(1)  Fan  Sizing 


The  design  point  flow  and  pressure  are  taken  as  the  one  g  static 
case  at  maximum  gross  weight  as  follows. 

Q  1780  ft 3/soc  (4.24  slug/oec) 
bhp  =  1540  f!570  -  2%  transmission  loss) 


In  the  previous  subsection  on  jet  height,  horsepower  was  consid¬ 
ered  to  be  given  by  volume  flow  Q  multiplied  by  total  pressure  P  (psig).  This  neglects 
compressibility  which  is  a  minor  correction  but  will  be  accounted  for  in  fan  design. 


Fan  work  input 


mg  Jcp 


A  T. 


(3) 


Where  rn  la  the  mass  flow  and  A  T  is  the  fan  temperature  rise,  related  to  the  pres¬ 
sure  rise  by  y 


At  \ r'1 
T1  ) 


(3) 


Zf  being  the  fan  adiabatic  efficiency  and  T^  the  inlet  total  temperature. 


From  (8)  with  1540  bhp 


AT 


1540  x  550 _ 

4.24  x  32.2  x  778  x  0.2401 


=  33.2°F 


i 


07 
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From  (9)  assuming  a  /an  efficiency  of  0.85  and  a  60  F  day,  X  =  1.4 


/  f  0-S5  x  33.2\3,6 

V  f  61®  / 


•  1.204 


2 

he  area  of  the  paradrep  doors  la  approximately  36  ft  .  An  Inlet  depression  equal  to 
tao  dynamic  head  of  the  air  at  the  velocity  Induced  through  80%  of  this  aroa  will  bo 
assumed. 


1780 
36  x  0.8 


62.2  ft/sec 


0.00119  x  62.22  -  4.6  lb/ft2  (0.00119  -  P  /2) 

In  seu  lovel  standard  conditions  therefore  ■  2111  Ib/ft*.  Hence  A  P,  the  fan 
pressure  rise: 

AP  *  0.204  x  2111  “  430*  lb/ft2 


A  fan  having  a  mild  utall  and  good  cutoff  characteristics  Is  required.  These  wilt  bo 
obtained  with  high  I'ub/tlp  ratio  pud  using  flat  Impulse  typo  blading.  A  hub/tlp  ratio 
of  0.70  will  be  uaed,  and  a  tip  air  Inlet  angle  /3  =  25°. 

U  Is  also  declrablc  for  the  design  point  to  lie  well  to  the  high  flow 
side  of  the  maximum  efficiency  point  so  that  when  flow  Is  cut  down  or  cut  off  the  fan 
will  transiently  respond  with  muoh  highs.*  pressure,  as  in  a  hard  landing.  This  im¬ 
plies  lightly  loaded  blades  and  high  solldny. 

Finally,  It  1c  an  object  to  kaep  the  fan  outlet  velocity  low  to  mini¬ 
mise  system  lees  particularly  because  the  ulr  In  discharged  through  the  trunk  entry 
port  with  eomplete  loss  of  dynamic  head. 


(*)  For  comparison  If  the  fan  pressure  rice  is  calculated  by  dividing  the  work  output 
by  the  volume  flow,  ; 
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The  required  pressure  r«»tio  of  1.201  l<i  commonly  achieved  by  a 
single  stage  in  axial  flow  compressors.  However,  this  requires  high  tip  speed  and 
through  flow  velocity.  For  this  reason  and  considering  the  other  desirable  charac¬ 
teristics  a  two  stage  design  Is  preferred  The  pressure  rise  per  stage  Is  then  21b 
lb/ft2. 


Rotational  speed  will  be  sat  by  choosing  a  pressure  rise  coefficient 
(  ^  )  of  0.60  at  the  blade  root: 

1/2  p  U  2  =  215/0. HO  lb/ft2 

R 

-  175  and  U^,  E  679  ft/sec 

V  =  U_  x  tan  &  r-  679  tan  26°  ■  S17  ft/sec 

I 

Annulus  area  "  1780/317  »=  5.62  ft2 

Therefore  tip  diameter  «•  45.0  In. 

and  root  diameter  «•  31.5  In. 

(2)  Gearing 

Engine  output  rpm  Is  6600.  Fan  rpm  la  found  to  be 
675  x  60  x  12 


N  = 


3440 


The  required  reduction  ratio  la  1.92;i0.  However,  for  simplicity  a  ratio  of  2:1  can 
probably  be  used  with  minor  adjustment  of  the  design. 

(3)  Fan  blading 


AP/stago  » 

Pa  Av 

u 

u  Avu 

215  lb/ft2 

90,200  ft2/aec2 

• 

Root 

Tip 

Diameter,  ft 

2.625 

3.76 

Va,  ft/«ec 

317 

317 

U,  ft/sec 

475 

679 

Avu,  ft/sec 

1»0 

133 

U-  A  Vu/2,  ft/sec 

360 

612.5 

Tan  fi  mean  -  (U  - 

A  vu/2)/va 

1.20 

J  .93 

59 
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Root 

Tip 

-  I 

mean  : 

i>0°  12’ 

62°  36* 

cots  0 

M  moan 

0.040 

0.460 

vmean  =  va/c oe&  mean 

495 

689 

cLff  Miv** 

0.768 

0.316 

cr 

1.6 

1.0 

CL 

0.512 

0.380 

Circumference,  ft 

8.25 

11.8 

cn  -  a  v  I> 

12.3B 

11.8 

Chord  c,  ft 

0.429 

0.407 

No.  of  blades, 

20 

20 

Reference  3  presents  complete  data  on  I  he  lift  chaructcrlmtcs  of  i  sultublo  airfoil 
in  cascade.  This  data  Is  uuod  to  determine  a  choice  of  camber  and  nnglo  of  attack 

which  will  give  the  required Cj,  with  adequate  margin  from  the  stall. 

8co  tho  rofor 

eaco  for  the  following: 

Deflection  angle  8 

ij:  iB' 

f 

Aerofoil 

06  -  810 

06  CIO 

Camber  ft  chord) 

8% 

4% 

Angle  of  Attack 

10°  40' 

4  0  30' 

Tho  fir«t  atago  triangles  and  blading  nan  now  bo  druwu  (Figure  36). 

The  soconrl  ntogo  will  bo  very  similar,  probably  using  Identical  blades  and  cloos  not 
require  detail  avudyols  for  tht  prosent  purpono.  The  estimated  ohernotorluKo  Is 
ffbow.i  In  Figure  30. 

b.  Contrlfugal  ?'atis 

The  centrifugal  fane  are  doublod  Bided  and  of  tho  ly|to  In  which  the 
case  width  I*  groate?  than  thal  of  the  wheel .  Hlav  Is  determined  by  settling  uu  enisling 
donltp.  iTeylg'i  point  flow  t)nd  pressure  are. 

*•  3225  ft'Vuec  ■  7.71  fllug/«ec 

V  *  430  lb/llZ 


00 


-  Ib/ft 
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Essential  characteristics  of  the  known  design  are 

■ .  .  Q  =  4000  ft3/mln 

P  =  6  in.  water  head 

rpm  =  5000 

Where  diameter  =  10  inches 

A  twin  fan  installation  is  proposed 

Q/fnt  =-  -~2-  x  GO  =  97,000  ff5 /min 

P  =  430/5.2  =  82  8  in.  water 

For  scaling: 

3 

- r  At  constant  rpm:  QoC  D 

PCC  D2 

At  given  size:  Q  CC  rpm 

P0C  rpm2 

Using  suffix  0  for  known  conditions: 


Q  _  /  D  \3  v  rpm  . 

Qo  \Do  )  rpr,.o  ’ 

p 

F 

o 

(S-f 

'V 

[rpm  ^ 
\rP'V 

_Q_  =  wi  = 

Q  4000 

o 

P 

82.8 

=  13.8 

P 

o 

6 

rpm  /p" 

rpm  y  P 

o  o 

D 

o 

x  IT 

D 

=  3.72  ^ 

x  ~  x  3.72  =  24.2 


rpm 

rpm 

o 


1.46 


Hence  a  25.4  inch  wheel  is  required  rotating  at  7350  rpm.  This  implies  a  tip  speed 
of  810  ft/sec,  which  is  very  high  for  a  squirrel  cage  wheel  and  may  introduce  diffi¬ 
cult  structural  design  problems.  In  the  alternative  design  cf  the  axial  fan  no  such 
problems  are  anticipated 
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3.  Pressure  Lose 

Pressure  loss  upstream  of  the  fan  Is  estimated  at  5  lb/ ft2  (page  58). 

The  axial  fan  annulus  hydraulic  diameter  is  2.7  ft,  and  the  distance  from 
fan  outlet  vertically  downward  to  the  end  of  the  diffuser  Is  1.5  ft.  The  flow  diffuses 
at  a  maximum  effective  angle  of  14°  so  that  the  hydrt  illc  diameter  at  diffuser  exit 
is  3.07  ft  and  the  area  is  7.4  ft2.  The  loss  will  be  the  dynamic  head  at  this  point  which 
is  69  lb/ft2.  The  area  of  the  trunK  entry  ports  Is  6.75  ft2  each  and  the  dynamic  head 
at  tble  point  will  also  be  lost,  a  further  21  lb/ft2.  Summarizing, 


Inlet 

5.0 

Plenum 

69.0 

Trunk  Entry 

21.0 

Total 

95.0 

2 

Thus  the  trunk  pressure  Is  335  lb/ft  approximately  correspondlrg  to  the  0.7  overall 
efficiency  assumed  in  the  preceding  work.  In  practice  it  Is  found  that  for  systems  of 
this  type  (e.g.  in  ACVs)  this  efficiency  is  seldom  bettered. 

Similar  considerations  apply  to  the  alternative  power  sy3tern  for  which  the 
same  overall  efficiency  has  been  assumed. 

4.  Diverter  Thrust 


Exhaust  area  equivalent  to  the  trunk  nozzle  ares  is  provided.  In  order  to 
keep  the  fan  operating  at  its  design  point.  Total  head  at  the  diverter  nozzle  will 
evidently  be  356  lb/ft2  since  there  Is  no  trunk  entry  port  loss.  The  flow  exhausts 
through  port  and  starboard  louvers  30°  to  the  fuselage  side.  Net  thrust,  both  for¬ 
ward  and  reverse  is  ja.'pulaled  as  a  function  of  speed  as  follows: 


V  ft/sec 
T67  Engines 
Q  =  1780  ft'Vsec 

in  V  cos  30",  lb 

mV,  lb 

o 

Net  forward  thrust,  !b 
Net  Reverse  thrust,  lb 

T58  Engines 

Q  *»  3223  ft3/s co¬ 
rn  V.  cos  3U°,  lb 

m  VJ  ,  lb 

o 

Not  forward  thrust,  lb 
Net  Reverse  thrust,  lb 


0 

lDO 

200 

2050 

2050 

2050 

0 

424 

848 

2050 

1'26 

1202 

2050 

2474 

2898 

4200 

4200 

4200 

0 

770 

1640 

4200 

3430 

2660 

4200 

4970 

5740 

These  forward  «nd  reverso  thrusts  are  plotted  in  Figure  37. 
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E .  CUSHION  STABILITY  AND  CON  TPOL 
1.  Static  Stiffness 
a.  General 

The  bag  trunk  with  distributed  jets  as  designed  for  theC-119  exhibits 
very  good  pitch  and  roll  stiffness  and  strong  heave  stability. 

In  ACV's,  including  ACV's  with  bag  trunks  and  annular  nozzles  it  has 
been  the  practice  to  incorporate  static  stability  jets,  usually  in  the  form  of  a  longitudi¬ 
nal  keel  trunk,  with  cr  without  jet  flow  from  its  base  and  a  similar  lateral  trunk,  the 
two  forming  a  cross  beneath  the  vehicle. 

The  purpose  of  these  stability  trunks  is  to  inhibit  the  cross  flow  which 
is  e—lly  seen  to  create  an  unstable  condition  (Figure  38,  a,  b).  Clearly  as  soon  as 
the  trunk  flattens  against  the  ground  a  large  restoring  moment  will  be  initiated.  There¬ 
fore,  considering  roll,  it  would  be  expected  that  without  the  keel  trunk  there  would  be 
a  small  unstable  range  near  ^>  =  0  and  that  the  normal  equilibrium  would  be  with  a 
slight  list  In  either  direction.  No  keel  trunk  Is  Incorporated  in  the  present  design  but 
no  such  central  instability  has  been  encountered  in  model  teste  (see  Section  111).  The 
wind  tunnel  model  was  tested  with  sufficient  jet  nozzle  area  and  cushion  flow  to  achieve 
an  appropriate  and  fairly  uniform  jet  height  at  all  parts  of  the  trunk.  This  prevented 
a  lack  of  roll  stiffness  from  being  masked  either  by  local  bag  contact;  or  by  the  lower 
Jet  height  available  with  the  model  Jet  angle  at  the  scaled  flow. 

The  reason  for  this  satisfactory  behavior  Is  believed  to  be  that  a  differ¬ 
ent  pressure  distribution  on  the  walls  of  the  cushion  cavity  -  principally  consisting 
of  the  inner  trunk  radius  -  is  induced  by  the  radically  different  i_»omeiry  (Figure  3«e). 


The  stiffness  provided  by  the  trunk  itself  Is  usable  because,  as  described 
in  Section  n.B  above,  when  In  "contact"  it  is  air-lubricated  by  the  distributed  Jets. 

The  trunk  lift  (area  in  contact  times  trunk  pressure)  acts  directly  on  the  ground  without 
pressing  the  bag  material  on  to  it.  Low  drag  rosults.  (  losing  the  nozzle  in  this  con¬ 
dition  restores  the  drag  since  the  trunk  pressure  now  forces  the  material  Into  the 
surface . 


Because  of  the  cushion  uepect  ratio  (length  to  breadth  of  the  basic  con¬ 
figuration  is  2.95  to  1.0)  pitch  stiffness  le  expected  lo  be  adequate  and  indeed  a  problem 
in  take-off  rutnUun  was  anile ipa ted.  However,  provision  of  sufficient  roll  stiffness  may 
be  a  critical  factor.  The  major  contribution  due  to  trunk  contact  can  be  calculated  If 
the  contact  area  is  determined  as  a  function  of  the  appropriate  parameters. 

b.  Analysis  of  Ground  Contact 

The  theoretical  ground  contact  moment  can  be  developed  graphically 
faltly  simply  using  a  trial  and  cnoi  method  as  follows: 
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(1)  For  a  given  roll  angle  (  ^  )  assume  a  value  of  pn/Pj.  This  will 
be  below  pc/Pj  for  =  0  because  the  trunk  lift  will  carry  some  of  the  weight.  De¬ 
termine  Ry  and  R2  oh  the  high  side  to  give  the  correct  value  of  1,  the  material  cross 
section  length.  In  the  design  case  1  =  157  in.  The  ratio  Ri/R2  =  1  -  pc/Pj.  This  Is 
obtained  from  the  continuity  of  trunk  tension  at  the  gTou.nd  tangent. 

T  -  Pj  Rt  =  (Pj-pc)R2  V.:  '  ; 

Dividing  by  Rg 

VR2  '  1  -  Pc/P, 

(2)  Draw  the  ground  line  at  the  given  at  distance  hj  from  the  trunk 
tangent  at  this  angle. 

(3)  Determine  Rj  and  R2  on  the  low  side  which  will  give  the  correct 
1  (sum  of  lj  12  and  lg,  the  last  being  the  contact  length). 

(4)  Find  the  sum  of  trunk  lift  (contact  width  times  effective  length 
times  trunk  pressure)  and  the  cushion  lift  (cushion  width  times  effective  length  times 
cushion  pressure).  The  effective  length  must  be  assumed. 

(5)  Compare  the  total  lift  with  the  weight.  Iterate  pc/Pj  until  the  total  ; 

l'U  equals  the  weight.  j 

i 

I 

For  example,  at  -■  5°:  I 

Assume  p  /P.  =  0.44 

Then  R  ^R  J  =0.56 

1  =  157  In. 

On  high  side  choose  R^  =  31.4  In. 

Then  R„  =  50.1 

Vlth  R  “  31.4  Q  Is  found  to  be  180° 

is  found  to  be  59.5°  ' 

R1  “  08,7  j 

R2  «,  ■  ; 

1  "  167.0 

Draw  the  ground  lino  at  estimated  high  side  h  =  0.95  x  2h^  =  1.9  x  1.426  =  2.71  In. 
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On  low  side  choose  Rj  -  26.0  in. 

R  -  46.5  in. 

With  Rx  -  26.0  in.  0  is  found  to  be  193° 

With  Rg  -  46.5  in.  6 2  is  found  to  be  63.5° 


8X  =  87.5  Id. 

R2  B2  =  hi. 5  in. 

is  scaled  =  16.0  in. 

I  =  157.0  in. 


Trunk  Lift  -  P.  x  1  x  effective  length _ 

j  —3  -  - 

=  333  x  1.33  x  31.3  =  13900 


Cushion  Lift  *-  pc  x  b  x  effective  length 

=  146.5  x  10.1  x  31.3  =  46100 

Total  Lift  =  60000 

The  sum  of  cushion  and  trunk  lift  produces  the  vector  shown  on  Figure  39. 

This  was  carried  through  two  roll  angles  and  the  resulting 
cross  sections  and  total  lift  vectors  are  shown  in  Figure  39.  The  righting  moment 
increases  with  angle.  Righting  moment  about  eg  3  and  4  is  shown  in  Figure  40.  To 
this  must  be  added  the  cushio:  basic  stability  contribution  due  to  suction  on  the  inner 
trunk  radius  or.  the  hi$i  side.  Also  the  exhausting  cushion  now  causes  a  side  force 
and  rolling  moment.  If  the  nozzles  are  closed  on  the  contact  side  this  is  re»cted  at 
the  ground.  To  estimate  thb  contribution  in  the  alternative  case  jet  velocity  is  cal¬ 
culated  from  cushion  pressure.  ri- 

V  =  29  yi68.7-  =  375  ft/sec 

An  arbitrary  factor  varying  linearly  from  0.4  at  0.6°  (initial  contact)  to  0.95  at  5°  will 
also  be  applied.  This  is  Intended  to  allow  for  the  fore  and  a«'t  components  of  flow  at 
the  ends.  Evidently  at  initial  contact  along  one  side  a  large  proportion  of  the  cushion 
momentum  will  escape  in  fore  and  aft  directions.  As  roll  angle  increases  the  contact 
point  wIT  move  around  the  ends  rntil  at  large  roll  angle  the  majority  of  the  cushion 
momentum  will  exhaust  laterally  ou  the  high  side.  The  above  arbitrary  factor  is  intro¬ 
duced  to  account  for  this  effect. 
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Fljfure  39,  Trunk  Dlatortlonn  In  Roll 


S 


AFFDL-TR-07-32 


m  “  4.24  x  37ft  ■»  1590  lb 


4> 

0.6 

2 

5 

10 

y,  ib 

640 

920 

1510 

1510 

l.  ft 

12.0 

11.90 

11,7 

11.16 

Moment , 
ft/lb 

7500 

10950 

17700 

16900 

Measured  righting  moment  from  1/12  scale  model  test  is  uluo  wbown  on  thin  figure 
for  comparison .  U  appear#  that  a  substantial  stabilizing  momeot  la  provided  by  the 
air  cushion.  This  stiffness  at  the  design  p0/Pj  appears  to  be  quite  satisfactory. 
Stiffness  varies  with  p0/Pj  and  measurements  over  a  range  of  this  parameter  wore 
made  on  the  wind  tunnel  model  (flee  Section  III)-  The  results  are  shown  In  Figure  41 
as  a  plot  of  cp^>/ degree  against  cushion  pressure  ratio.  It  h  shown  the*,  at  10u  roll 
the  cushion  op  has  moved  nearly  a  quarter  of  Ihc  beam  of  1L5  ft  or  2-3/4  ft  c.g., 


cp,  ■*  0.0236/<Ieg  Ml  p  /V  1  o.r> 

Y>  c  1 

A  op  ■  0.236  x  b  at  10°  roll  angle 

-  0.236  x  U.f*  -  2.71  ft 


n.  Roll  Stlffnoas  Criteria 


Required  roll  nilffnuna  may  be  considered  In  ruiation  to  engine  torque, 
side  wind  gust,  or  «ldet»?lp. 

(1)  Engine  Torque 

Brake  horwonower  x  S3, 030 

1  onion  *  — >j. - — * - -  1 

2  rx  rpm 

Considering  max  power  at  tho  star’  of  the  take  off  run: 

t  *  zxr,  ”  io.ooo  lb  /ft 

{'/.)  Hide  Oust 

A  rolling  moment  due  lo  body,  Mrs  and  wing  will  be  considered, 
Rudy,  Cf)  -  J.d 


fildo  Aren  *  47 1  It 


:u 


2 


5AUSI^gfeV  -■  .iSt:  .  Sffl 


Cuahion/Tnmk  Pressure  Ratio  p  /P 
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cp  above  ground  =  9.5  ft 

Moment  =  1.0  x  470  x  3.5  x  q  =  4460  q  Jb/ft 
Fins,  CD  =  1.2 

Side  area  =  75  x  2  =  150  ft2 
cp  above  ground  =  22  ft 

Moment  =  1.2  x  150  x  22  x  q  *  6600  q  lb/ft 

1  Wing,  CL  =  0.2  (at  a  =  10°> 

<  Plan  area  =  700  ft2  (1/2  wing) 

\ 

cp  from  longitudinal  centerline  =  20  ft 
Moment  =  0.2  x  700  x  20  x  q  =  2800  q  lb/ft 

Total  Moment  13860  q  lb/ft 
For  a  side  gust  of  30  knots  q  =  3.06  lb/ft2 
Moment  =  42,500  lb/ ft 
(3)  Sideslip 


case  with  wheels  a inc^  the  for LTw®  W“h  thC  *ir  CU"hion  18  dlfferent  to  normal 

i^Tn^met^T^rsUte  0/ Reference 

ca  In  frnrt  i  BtateB  that  the  angle  between  wheel  contact,  point  and  aircraft 

eg  in  front  elevation  must  not  be  leas  than  ■  tm.  „  *  *»rcrait 

roll  this  is  2a0  *».  .TV  man  25  11  18  8een  from  Figure  39  that  a  10 

his  is  25  using  the  high  eg  (1  and  2  positions)  and  is  greater  at  larger  roll 

■•oil  righting  moment  i0  coneldenibtv  „ea.„“‘  ro11 

figure,  as  evidenced  by  Figure  40. 


- -  r»  V  - - I  —  4.  t  1 

*****  OUUWU  1(1  LQUi 


d.  Heave  Stiffness 


nMOO  As  load  increases  from  the  design  condition  the  i-.v-reasiur  cushio  i 

o'.1"'""  ,m°Vt  UP  >nd  TheoreUMll>'  «  the  bottom  of  the 

twice  tto  do.^ceCdltU'0  ,,Ul  P>  cu“‘to»  Pres* 0 re  woold  be 
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Factors  which  modify  the  static  heave  stiffness  are  (1)  the  change  in 
^ushion  area  due  to  trunk  deflection,  (2)  the  increase  in  Pj  provided  by  the  f-»n.  The 
latter  may  be  considered  at  constant  power  or  at  constant  rpm.  The  latter  is  probably 
the  more  valuable  since  transient  response  will  be  at  essentially  constant  rpm. 

It  is  valuable  to  determine  theoretical  two-dimensional  heave  stiffness 
in  order  to  predict  its  variation  with  design  pc/Pj.  A  brief  analysis  is  made  in  the 
following  and  values  obtained  from  1/3  scale  model  tests  are  compared  with  the  re¬ 
sults. 


For  simplicity  constant  material  length  is  used.  Using  an  iterative 
procedure  similar  to  that  described  in  subsection  1  .(b)  above,  two-dimensional  trunk 
shape  is  calculated  to  provide  the  geometry  variations  shown  In  Figure  42.  Stiffness 
at  constant  rpm  is  obtained  from  the  fan  characteristic  of  Figure  36.  For  the  calcu¬ 
lation,  flow  coefficient  atul  jet  height  for  a  range  of  pc/'Pj  are  taken  from  Figure  26: 


Pc/PJ 

0.3 

0.5 

0.7 

0.9 

h/g 

9.8 

5.0 

2.95 

1.5 

(Q/cg) 

1.675 

1.22 

0.95 

0.68 

since  nozzle  area  is  constant, 


(Q/VPcV 

0.729 

1.0 

1.283 

1.795 

h  /h 

Jo  J 

1.96 

1.0 

C.59 

0.3 

pc  may  be  found  by  iterating  with  the  fan  characteristic,  assuming 
that  duct  loss  varies  as 

'  Q/P? 

i 

I  189.5 

138 

107.5 

77 

QtR“/aec 

1830 

1780 

1710 

1500 

Pc,lb/ft2 

93 

166.5 

252 

379 

Pj, lb/ft 2 

A  P,  lb/ft 2 

310 

333 

36C 

421 

102 

97 

90 

78 

Fan 

412 

430 

450 

499 

hj  in. 

2.8 

1.425 

0.34 

0.4  3 

It  will  be 

noticed  that  although  the 

cushion  pressure  has  more  than 

doubled  the  fan  is  still  not  stalled.  These  variations  of  pc  ar.d  hj 
Figure  42.  An  estimated  stiffness  can  now  be  found  from 

are  also  shown  o 
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The  ratio  b/bc  represents  the  two  dimensional  Increase  In  cushion  width  at  the 
ground  tangent.  Due  to  the  low  aspect  ratio  It  Is  considered  an  accoptable  factor  for 
accounting  for  the  cushion  area  Increase.  The  area  Increases  because  of  increased 
trunk  distortion  as  cushion  pressure  Increases.  b/b0  Is  calculated  by  Iterating  to 
find  the  trunk  shape  as  described  In  subsection  1  (b). 

'  l  . 

L/Lo  Is  plotted  against  In  Figure  43. 

e.  Pitch  Stiffness 

Prediction  of  pitch  stiffness  Is  unduly  complex  because  of  the  Impon¬ 
derable  bag  contact  area  at  the  three  dimensional  ends.  Pitch  stiffness  measure¬ 
ments  wore  made  on  the  1/12  scale  model  (sue  Section  111)  and  reliance  Is  placed  on 
those  for  the  rotation  analysis  In  .^ection  III.F. 

2.  Dynamic  Stability 

a.  Ground  Resonance 

The  plain  air  bag  (without  a  built  up  nozzle  structure  such  as  Is  Indi¬ 
cated  In  Figure  3b  (a)  and  (b)  Is  subject  to  ground  resonance.  Violently  divergent 
ground  resonance  was  encountered  during  the  development  of  the  1/12  scale  mod*! 
and  some  ccc  Illation  w«ii  also  found  m  the  early  development  stage  on  the  1/3  scale 
model. 

The  mochunlsm  appears  to  be  simple  and  Is  not  much  affected  either 
by  the  tru.ik  material  elasticity  or  the  air  cushion  characteristics.  This  la  evidenced 
by  the  tact  that  at  extreme  roll  atigle  (beyond  wing  tip  to  ground  contact)  the  resonance 
can  be  induced  and  it  can  be  induced  as  readily  with  an  Inelastic  us  an  elastic  trunk. 
(Both  woro  fitted  to  the  1/12  scale  model.;  It  appears  to  be  reliably  inhibited  by  the 
distributed  Jet  which  1«  why  the  oxtremc  roil  angle  i«  required  to  induce  li.  The  edge 
of  the  Jot  pattern  Is  then  on  the  ground  tangent.  Whut  is  thought  to  happen  is  shown  in 
Figure  44.  From  *r.  equilibrium  position  (a)  with  the  escaping  Jet  concentrated  at  the 
ground  tangont  the  edge  of  the  material  Is  sucked  down  by  the  escaping  nir,  the  body 
falls,  the  contact  pressure  causes  the  lift  to  exceed  the  weight,  the  body  rises,  over¬ 
shoots  upwardly  and  proceeds  Into  a  diverged,  oscillation.  Alternatively  us  In  (b)  the 
suction  fore o  on  the  material  can  be  prevented  by  distributing  i!ic  let  flow  »,id  n<>  osci¬ 
llation  occurs. 

b.  Trunk  btabilily 

Trunk  vibration  has  also  been  experienced  In  the  lest  models.  The 
dynamics  of  trunk  vibration  arc  not  clonilt  understood.  This  phenomena  Is  annoying 
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0  80,000  120,000  180, 0( 
Full  Scale  Lift  -  lb 

Figure  43.  8tatlc  Heave  Stiffness 
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Hi'  1:0 

(a)  Unstable  Configuration 


y)  i)i-  I  i  J*r 


'  ’(b)  Stable  Configuration 


Height  loss  does  not 
decrease  pressure 


Figure  44.  Ground  Resonance  Mechanism 
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and  noisy  but  otherwise  apparently  unobjectionable.  In  most  cases  a  small  amount  of 
damping,  such  as  by  placing  the  palm  of  the  hand  on  the  bag  on  the  whirling  arm  model, 
will  8 top  the  vibration.  Addition  of  a  small  mass  at  the  outer  tangent  to  the  bag  Is 
effective  In  reducing  It. 

3.  Control 

Normal  flight  controls  are  not  compromised  by  the  air  cushion.  Cushion 
controls  are  brakes,  flow  diverter  and  auxiliary  eogirie  controls. 

The  nozzle  valving  will  be  operated  by  engine  bleed  air,  and  controlled  by 
the  pilots  toe  pedals  In  parallel  with  the  brakes.  Operation  of  the  nozzle  valve  is 
described  In  Section  1I.B. 

The  diverter  valves  In  the  fuselage  side  operate  collectively  simultaneously 
with  the  vanea  In  the  trunk  entry  ports  (Figure  34).  The  interchange  of  cushion  flow 
Is  controlled  by  an  inflate/def late  level  in  the  cockpit.  Additionally,  differential 
reverse  control  of  the  diverter  valves  is  superimposed  and  also  controlled  by  the  toe 
pedals.  This  provides  additional  control  In  '..he  ground  run  and  harmonizes  with  the 
braking  valves  as  follows: 

(1)  Lever  at  Inflate,  trunk  port  vanes  open,  diverter  valves  closed  ready 
for  landing. 

(2)  Right  brake  closes  RHS  nozzles,  opens  RHS  diverter  valves  In  re¬ 
verse;  and  vice  versa. 

(3)  Full  brake  on  both  closes  all  Jets  and  opens  both  side  diverters  for 
reverse  thrust. 

The  diverter  vanes  are  closed  In  flight  by  stopping  the  auxiliary  engine  and 
selecting  Inflate,  ready  for  landing.  Figure  45  is  a  system  schematic. 

4.  Trim 


a  j 

a.  uiuuiiu  i  mu 


The  cushion  center  of  pressure  is  placed  at  the  forward  eg.  At  afi  eg 
there  will  be  a  small  change  in  ground  attitude,  the  weight  moment  being  reacted  by 
the  air  cushion  pitch  stiffness.  Forward  eg  Is  at  i’0%  MAC  and  aft  eg  is  at  30%  MAC. 
The  weight  moment  is  then 

0.10  x  -1-6^8-  x  60,000  =  84,200  lb/ft 

(neglecting  tbe  change  in  ground  angle.) 

This  is  conveniently  expressed  as  a  change  In  air  cushion  center  of 
pressure.  Using  an  effective  cushion  length  of  31.4  ft 
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Figure  45.  Control  8ystem  Schematic 
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cp 


84,200 

00,000  x  31.4 


=  0.046 


Cushion  pitch  stiffness  was  obtained  from  1/12  scale  mo$el  test  (i-ectlop  III)- 

cp.  =  0.059/deg 

O 

Hence  the  attitude  change  Is  approximately  3/4°. 
b.  Flight  Trim 

A  major  object  of  the  wind  tunuel  test  was  to  determine  change  (n  ele¬ 
vator  angle  to  trim  through  the  take-off  and  landing  maneuvei'.  It  was  found  that  the 
existing  elavator  was  capable  of  accomplishing  take-off  rotation.  Change  of  trim  with 
the  air  bag  In  comparison  to  wheels  Is  small  -  the  drag  of  the  air  bag  being  similar  to 
that  of  the  extended  wheels.  Momentum  drag  was  not  simulated  in  the  wind  tunnel. 
However,  this  Is  not  expected  to  cause  any  change,  since  this  drag  will  act  at  the  level 
of  the  air  entry  which  1*  cloee.tpjbo  .vertical  eg.  E  ip  vat  or  angles  to  trim  are  further 
discussed  In  Section  HI.  *’*:*•  **  /*  & 
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F.  TAKEOFF  ROTATION  ANA  i-YSlo 
1.  Genera! 

The  purpose  of  the  wind  tunnel  test  was  to  confirm  the  feasibility  of  the 
takeoff  and  landing  from  and  to  the  air  cushion  using  the  existing  aerodynamic  controls, 
w  ith  measurement  of  drag.  1 

Because  of  the  large  length /breadth  of  the  fuselage  mounted  air  cushion  »:td 
the  small  jet  height  only  ?  small  rotation  angle  it  possible  before  the  rear  of  the  bag 
is  in  ground  contact.  It  was  feared  that  e  large  moment  due  to  this  contact  might 
develop  before  sufficient  aerodynamic  lift  wae  realized  which  v'ould  oo  beyond  the 
power  of  the  elevator  to  control.  Also  it  wsb  thougnt  that  bag  contact  over  a  large 
area  might  cause  considerable  drag. 

In  fact  neither  of  these  feure  were  realized,  and  the  wind  tunnel  teats  showed 
no  real  problem  extsts.  Thi3  assurance  Is  ampllfisd  by  the  following  comparative 
analysis;  . 

Takeoff  Speed  and  Angle-of -Attack 

Figure  46  shov  s  the  relevant  dimensions.  The  worst  case  in  c/ldently  e  g.  3, 
for  which  the  thrust  moment  is  negative  end  the  weight  moment  t.  maximum. 

Takeoff  3peed  is  assumed  to  be  1.2  Vgj  where  in  the  stalling  speed  in  the 
takeoff  configuration.  Ci.rnax  »1  -O)  !a  dotenntned  from  Reference  2  from  which 
Figure  47  has  been  c-Iottec.  A  value  of  2.14  nt  Tq  »■  0.04  ip  Jfjdlphted , 

.  • ;  At  60,000  lb  G.W.  •  ;  ■ . ‘  .  • 

v*’  n  ^ 

Jj  ,  ■  ■ 

W/f>CL  *  60.00C/1447  x  £.14 .  *  ID. 4 

out  .1.2  V„  =  1.44  x  1M  *  28  «. 

si  ;  -  ; 

V  -  133  ft /sec  -•  30.0  ;;nota  "  / 

31  / 

Thrust  ft  $0.5  Kl .  «•  825?  lb/engi:.e 

T  »•  - — (Rifvlence  2  Figure  JQ6  and  P.  2t>4) 

C  r  V  D 

l’ 
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CT  =  2.1  will  be  assumed, 

max 

C  =  2.1/1.44  =  1.46 

lt-o 

a..  =  6.8°  in  ground  effect  (Reference  2  Figures  1,  3,  82) 

XL 

3.  Takeoff  Rotation  on  Wheels 


Maximum  elevator  will  be  required  when  the  main  gear  reaction  is  a 
maximum.  It  will  be  assumed  that  nose  wheel  liftoff  occurs  at  a  ^  =  1 .0°  (Approxi¬ 
mately  6  Inch  nose  wheel  stroke.)  „ 

;  ;  a  TL  =  0  a  TL  =  1.0° 


CL 

0.54 

0.65 

Lift  =  C.  x  1447  x  28,  lb. 

L 

21,850 

26,300 

Wheel  Load,  lb. 

38,150 

33,700 

Nose  wheel  load  (Figure  46),  lb. 

6,120 

0 

Main  wheel  reaction,  R,  lb. 

32,030 

oa.^oc 

Conventionally  moments  are  often  taken  about  the  wheel  contact  point.  However  for 
better  comparison  with  the  air  cushion,  moments  are  taken  about  the  c.g.,  omitting 
the  virtual  inertia  (T-D),  for  an  Identical  result. 


Forces  are  as  follows: 


Roiling  friction  =  /i.R  =  0.C25  x  33,700  =  840  lb. 

Aerodynamic  Drag  =  CpSq  =  0.082  x  1447  x  28  =  3320  lb. 

Thrust  =  2  x  8250  =  16,500  lb. 

Lift  at  0.26  MAC  =-  2€,3Q0  lb. 

Main  Wheel  Reaction,  R  =  33,700  lb. 

(For  Cp  see  Reference  2,  Figures  12,  14,  15,  and  16) 

The  moment  equation  is: 

585  L  *  840  X  112  -  3320  x8  +  16,500  x  18  +  26,300  X  10.1  +  33,700  X  5) 
T 

/.  Lt  =  4100  lb. 

Note  that  to  balance  wheel  reaction  and  rolling  friction  -  3i00  lb. 
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4.  Takeoff  Rotation  or  Air  Cushion 

On  the  air  cushion  It  Is  not  clear  what  will  be  the  angle  of  attack  requiring 
maximum  elevat  r  angle.  Therefore,  moments  must  be  evaluated  for  the  angle  of 


attack  range  up  to  the  takeoff  a  XL 
Reference  2  is  shown  in  Figure  48. 

of  6  8°. 

The  appropriate  trln  med  lift  curve  from 

aTL 

0 

2 

4 

5 

6 

CL 

0.54 

0.8 

1.07 

1.20 

1.31 

Wing  Lift  = 
CLSq 

•21,900 

32.400 

43.300 

48,500 

54,200 

Cushion  Lift 

38,100 

27,600 

16,700 

11,560 

5,800 

Cushion  lift  will  be  the  sum  of  cushion  pressure  times  cushion  area  and  bag  contact 
area  times  bag  pressure  if  there  is  any  contact.  The  variation  of  estimated  jet  height 
with  lift  Is  given  in  Figure  31.  Two  effects  modify  this  curve  In  the  present  Instance: 

(1)  The  variation  of  Jet  height  with  angle  at  constant  lift. 

;  (2)  The  effect  of  forward  speed  on  jet  height  at  given  angle  of  attack. 

Experience  has  shown  that  the  former  Is  small.  However,  It  is  unfavorable. 
The  latter  is  Imponderable,  but  favorable.  For  present  purposes  they  may  be  assumed 
to  cancel.  Alternatively  the  variation  of  cushion  moment  with  lift  at  constant  angle  may 
be  found  directly  from  model  tests  and  the  favorable  effect  of  forward  speed  neglected, 
which  trvative. 

lining  the  latter  approach;  the  1/12  scale  model  pitch  stiffness  was  obtained 
for  a  range  of  weight.  Moment  per  degree  Is  plotted  against  weight  In  Figure  49. 

!  aTL  0  2  4  5  6 

Cushion  Moment  -  0  iiO.iuO  132.000  115,000  69,000 

ft /lb. 

y 

&Lt  lb.  0  2,250  2.700  2.360  1.410 

The  maximum  tall  load  Is  lesc  than  it  Is  with  wheel  geat .  Tail  loads  to  trim  are 
compared  In  Figure  50. 

G .  ENERGY  ABSOR PTICN  A NA LYSIS 

Drop  teste  were  carried  through,  op  the  whirling  arm  model  to  determine  energy 
absorption  capability.  The  model  was  dropped  tn  the  flat  attitude  and  a  large  capacity 
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Data  from  Reference  2 
(Flgur03  1,3,82) 


P'^h  Stiffness  ft  -  lb  Full  Scale/Deg. 
120,000 \  j - 


Stiffness  with  Lift 


Wheels 


ads  Required  to  Trim 
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to  absorb  vertical  sink  wao  demonstrated.  This  was  combined  with  excellent  damping. 
In  this  section  the  mechanism  of  energy  absorption  by  the  air  cushion  is  examined  and 
estimates  of  sink  rate  are  made  and  compared  with  test  data. 

Energy  absorption  capacity  is  provided  by  the  static  stiffness  of  the  air  cushion 
and  by  the  transient  increase  of  pressure  in  the  cushion  cavity  and  trunk  system. 
Deflection  of  the  air  bag  under  load  Is  such  that  a  considerable  increase  in  cushion  area 
results,  and  the  pressure  is  backed  up  by  tha  fan.  The  fan  will  transiently  respond 
at  constant  rpm  with  Increase  of  pressure  as  the  flow  is  throttled. 

Estimation  of  the  transient  response  of  the  air  cushion  system  is  complex  and 
unreliable  Furthermore  the  tests  show  that  this  transient  response  makes  a  major 
contribution  to  energy  absorption.  For  the  total  response,  therefore,  dependence  is 
placed  on  the  drop  test  data.  However,  the  static  stiffness  contribution  at  constant 
far  rpm  gives  the  minimum  condition  and  Is  worth  considering  by  itself. 

The  energy  absorption  capacity  In  ft-lb  due  to  static  stiffness  (at  constant  rpm) 
is,  represented  by  the  area  beneath  the  heave  stiffness  curve, Figure  43.  For  the  design 
case  of  p  /Pj  =  0.5  this  is  found  to  be  365,000  ft-lb.  Without  wing  lift  this  Is  equal  to 
the  kinetic  energy  of  the  aircraft  at  Its  sink  rate. 


V  =19.8  ft/aec 

This  sink  rate  can  theoretically  be  achieved  therefore  without  t'ne  transient  response 
but  using  the  full  stroke  in  the  flat  attitude.  It  is  notable  that  the  maximum  g  is  below 
3.0.  A  more  practical  limit  is  represented  by  moving  2/3  of  this  stroke  in  which 
case 


V  =  15.5  ft/ sec 

The  static  stiffness  on  which  this  Is  based  may  now  be  compared  with  the  dynamic 
stiffness  determined  from  drop  tests  on  the  1/3  scale  whirling  arm  model.  In  these 
tests  a  direct  record  of  g  versus  nelght  was  obtained.  Figure  51  shows  the  stiffness 
comparison.  The  total  response  (again  using  2/3  of  the  stroke)  gives  a  sink  rate 

V  =  20.8  ft/sec 

In  order  to  determine  the  variation  of  sink  rate  with  p^/P.  the  tnecretlcal  static 
stiffness  was  evaluated  for  a  range  of  one  g  trunk  pressures,  similar  to  the  calcu¬ 
lations  shown  in  Section  n.E.l  (d) .  It  may  be  assumed  that  the  transient  contribution 
due  to  compressing  the  air  lo  the  cushion  cavity  varies  with  trunk  pressure.  The  cavity 
volume  Ib  essentially  unaltered.  On  this  basis  the  tots!  nink  rate  capacity  versus  Pc/Pj 
Is  shown  in  Figure  52. 
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The  air  cushion  is  a  soft  landing  system  In  that  It  essentially  incorporates  a  long 
stroke.  Thua  the  sink  rate  per  g  tends  to  be  high.  The  g  load  is  transferred  through 
cushion  pressure  and  trunk  attachments  to  the  fuselage.  Stress  analysis  to  verify 
structure  is  beyond  the  scope  of  the  present  program. 

Clearly  absorption  capacity  fin  tne  fiat  attitude)  well  beyond  the  present  wheel 
gear  c&p&oliity  is  available.  It  fleams  probable  that  adequate  reserve  ;«  available  to 
tolerate  heavy  landings  at  angles  of  pitch  and  roll.  This  may  quite  simply  be  handled 
with  equations  of  motion  in  two  and  three  degrees  of  freedom  with  confirmatory  drop 
tests  but  Is  beyond  th<~  scope  of  the  present  work. 

The  heave  damping  provided  by  the  air  cushion  ic  analyzed  in  Section  rv. 

H.  WEIGHT  AND  BALANCE 

The  detail  weight  and  balance  estimate  for  the  i'.67  installation  is  as  follows: 


J.  Weights  end  Moment  T--67  Engine  . 

c.g. 

\V_ight 

F.S. 

Moment 

Et.g'no  >.rts pollution 

933 

T-67-T-3  Condo.  Twin  T/Sfcrft  LY.y 

680 

218 

176.440 

Reeid.  Greaae,  Oil 

6 

218 

1.308 

G'aai  bo.i  Gil 

30 

. 

6,030 

tajir.-^  OU 

30 

-A  O 

6,540 

Fnglne  Mta, 

31 

219.1 

6,792.1 

Exiirtutta 

136 

2', 4. 8 

37,372 

Starting  System 

60 

201 

12,060 

,U',.:i>  -ation  Syatom 

10 

218 

2,180 

Controls  Engine  (Throttle) 

25 

31.3 

782.5 

Instruments  -  Er-g.  (Inc*.  Panel) 

25 

46.6 

1,165 

*  -.Vs  •  y  -1  k\>'  • 

366 

Tar.;,  h  Supports 

356 

355.44 

126,522 

Plumbing, F sli  Sys , Venting, Pum p 

30 

355.44 

10.662 

Fftn  lnstaJlatior 

646 

Drive  ciysft 

36 

180.84 

6.328 

112 

'>0 

18  035 

Fill 

C J 

153.60 

13,788 

¥ i  u  Sir  Tu*e-Ceiit»i:--lSpir»rerI(:upta. 

lx'? 

libs  no 

51 .441 

OlJliT,  Supl=: 

Zl<Z 

i  5 

32.090 

Vai  it  ■  Inlet,  C;vp.;  > 

in 

,8)3 
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Weight 

c.g. 

Moment 

— -  . 

F.S. 

■_.*«, 1 _.u  - 

Air  Jffe;  Controls 

•  1  \ 

127 

Hyd.  iulics 

?2 

58.7 

1.291.4 

Air  Control  Valve  &  Bleed 

25 

219.84 

5,495 

Aii  Cor.vrol  Pneumatic  Plumbing 

30 

563.6 

10.  SOS 

Control  Panels  &  Wiring 

50 

214.8 

10.740 

Ti  .-Jcs 

1.291 

Attach  to  C-119C 

323 

315.6 

101,939 

Trunk  Fabric 

398 

315.6 

125,609 

Boot  (Tread) 

570 

315.6 

179,892 

Flow  Diverter,  Cushion  Faa 

375 

157.2 

59.000 

Total,  Air  Cushion  Landing  Sys.  Dr/ 

3,753 

249.5 

936,572 

2.  Aircraft  Balance 

c.g. 

c.g. 

Co’.jdiPorv 

%  MAC 

Weight 

F.S. 

Moment 

Gross  Wt. 

?5 

60,000 

327.0 

19.620.000 

Lesa  Cargo 

27.4 

-  3.537 

331.0 

-  1.170.000 

Lci.a  Fuel 

41.8 

-15.600 

355.4 

-  5.545  000 

Grig.  Operating 

Wt.  Empty 

18.6 

40,863 

316.3 

12.905.000 

Air  Cush.  L/G 

3,758 

249.5 

937.000 

Revised  Operating 

* 

Wt.  Empty 

14.6 

44.621 

309.5 

13.842.000 

Fuel 

41.8 

15.374 

355.4 

5.475,000 

Re\  * ^  rt j  Gr.  Wt. 

22.3 

60.000 

322.5 

19.317.000 

The  c.g.  i'  moved  forward  by  approximately  3 %  by  the  addition  of  the  air  cushion 
Bystem.  For  eat  purposes  it  may  be  assumed  that  crew  is  equivalent  to  normal  crew. 
However,  it  whl  be  preferable  to  hold  this  c.g.  to  16%  MAC  at  a  minimum  flying  weight 
with  2000  lb.  feel.  (Ref.  i  P.  178;  Ballast  is  then  required  in  the  rear  fuselage  as 
follows; 
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y.  ’ 

r  ti  n 

c.g. 

%  MAC 

Weight 

c.g. 

F.S. 

Fuel 

41.8 

2000 

355.4 

Ballast 

- 

500 

500 

Min.  Flying  Wt. 

18.0 

47,121 

315.3 

3.  Weight*,^  jl  T-58  Engines. 


Eng.  Instil. 


Weight 


T-58-GE  10  Eng;  (2  req'd.) 
Resid.  Grease  Oil 

Gearbox  Oil 
Eng.  OH 


682 

5.4 

15.0 

30.0 


Eng.  Mts. 

,,  Eng.  Exhausts 
Starting  System 
Lubrication  System 
Controls  ~  Eng.  (Throttle) 
Instruments  -  Eng.  (Incl.  Panel) 


40.0 

56.0 

75.0 

20.0 

35.0 

30.0 


Fuel  Sys. 

l 

Tank  &  Supports 

Plumbing,  Fill  Sys,  Vent,  Pump 


Fan  Installation 

.If.)'; 

,  i- Drive  Shafts 
Gearboxes 
Fans 

Fan  Structure 

Fan  Exhausts 
Outer  Supts. 
Inlets 


356 

50 


24 

190 

230 


180 

200 

100 


Moment 


711.000 

250.000 

14.802.000 


988.4 


400 


894 


96 
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Air  Jet  Controls 


Weight 

127 


Hydraulics 

22 

Air  Control  Valve  &  Bleed 

25 

Pneumatic  Plumbing 

30 

Control  Panels  &  Wiring 

50 

Trunks 

1291 

Attach  to  C-119C 

323 

Trunk  Fabric 

398 

Boot  (Tread) 

570 

Total,  Air  Cushion  Landing  Sys.,  Dry 

3706 

4.  Comparison 

Major  groups  are  compared  as  folio1  vs: 

T-67 

2  a  T5S 

Engine  Installation 

933 

988 

Fuel  System 

386 

380 

Fan  Installation 

646 

894 

Air  Jet  Controls 

127 

127 

Trunks 

1291 

1291 

Flow  Diverter 

375 

- 

Total 

2758 

3706 

5.  Weight  Tradeoff 


These  weights  are  for  the  test  installations  proposed.  In  an  operational  installa¬ 
tion  it  is  probable  that  weight  can  be  somewhat  reduced.  For  example  ine  tuei  system 
weight  Is  based  on  the  use  of  existing  long  range  tanks.  Allowing  10  minutes  fuel, 
this  weight  would  be  reduced  to  approximately  200  pounds  for  the  T-67  installation, 
for  a  total  weight  of  approximately  3500  pounds  (wet). 


The  weights  not  proportional  to  the  installed  power  are  the  Jet  controls,  trunks 
and  flow  diverter  which  account  for  46.5%  of  the  gross  system  weight.  To  examine  the 
tradeoff  of  system  weight  with  jet  height;  rather  than  compare  these  alternative  instal¬ 
lations  in  which  the  fan  types  and  engine  specific  weights  are  different,  it  will  be  assum 
ou  that  the  remaining  53.5%  varies  with  power.  A  ftxsd  overall  efficiency  of  0.7  is  com 
bined  with  the  hp  /h  figure  derived  in  Section  II. C.  to  produce  the  tradeoff  Bhown  in 


Figure  53. 


7 


91 


Jet  Height  -  bushes 
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Figure  63.  Jet  Height  and  Syntem  Weight  Tradeoff 
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Figure  54.  C-119  Thrust  and  Drag 
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i  .  ' 

Wheels 

Air  Cushion 

Thrust 

.18,800 

18,800 

Paraoite  Drag 

1620 

1600 

Induced  Drag 

473 

473 

Rolling  friction 

1180 

0 

Air  Momentum 

0 

450 

3273 

2523 

■  .15,527 

16,277 

Ground  roll  distance  a,,  ft 

1404 

1340 

Transition  distance  is  the  curved  ilight  path  between  the  unetick  point  and  the 
position  above  the  intersection  cf  the  climb-out  flight  path  with  the  ground  plane.  (See 
Reference  5.)  Acceleration  to  climb- out  speed  V2  takes  place.  V2  is  the  optimum 
climb  speed  in  the  takeoff  configuration.  The  distance  is  given  by 


W 

®2  =  2i 


2  2 
(Vo  -  vaT ) 


2  _ SI 

TTT 


V2  ft/sec 

160 

160 

T-D,  lb 

8350 

7800 

Transition  distance  gg.  ft. 

245 

Initial  olimb  is  at  V  .  Initial  climb  to  50  ft  distance  is  obtained  from 

angle  of  olimb. 

50  T-D 

“3  tan  y  »la7"  w 

T-D  lb 

8200 

7650 

y  ,  degrees 

7.85 

7.31 

Climb  distance  s  ,  ft 

J 

362 

- 

Time,  sec 

2.28 

2.45 

Climb,  rate,  ft  /in in. 

1315 

1220 

Total  81  +82  +  33’ ft 

t  .  ' 

2017 

1991 

262 


389 


101 


AFFDL-TR-67-32 


II  is  seen  that  the  elimination  of  rolling  friction  on  the  ground  roll  gives  the  air 
cushion  a  slight  advantage.  At  the  higher  power  level  with  increased  momentum  drag 
the  difference  will  be  negligible. 

2.  Use  of  Cushion  Flow  Diverter 

It  is  >xpec‘,9d  that  the  cushion  Dow  diverter  will  allow  very  fast  retraction.  Flow 
to  the  cushion  is  completely  cut  off  as  soon  as  "deflate"  is  selected,  the  elastic  material 
snaps  back  immediately  and  the  volume  of  air  to  be  exhausted  from  the  air  cushion 
trunk  is  small  compared  with  the  inflated  flow  rate,  e.g. 

3 

Approx,  trunk  volume  =  1250  ft 

Normal  volume  flow  rate  -  1900  ft  3/sec 

Time  to  empty  at  max  flow  rate  *  0.66  secs 

In  fact  a  logarithmic  decay  will  occur.  It  v-lll  be  arbitrarily  assumed  that  the 
trunk  is  effectively  deflated  in  one  second.  Thus,  if  the  trunk  is  retracted  on  the 
Initial  climb  at  180  ft/sec.,  thrust  is  increased  to  17,600  lb.  (  Figure  54).  Drag  is  re¬ 
duced  by  the  momentum  drag  (included  in  the  net  thrust  increment)  and  bag  drag,  to 
7100  lb. 


T-D 
Climb  rate 


10,500  lb. 

9.9  deg. 
1,650  ft/min. 


Hi's  would  reduce  the  Initial  climb  dlftance  by  about  70  to  3?0  feet.  However,  in 
the  case  of  engine  failure  at  the  oritical  point  in  takeoff,  the  advantage  is  very  signifi¬ 
cant.  Inspection  of  the  tb rust-drag  plot  shows  this  aircraft  has  no  climb  rate  in  the 
takeoff  configuration  on  one  engine,  even  omitting  the  drag  of  a  windmilling  propeller, 
and  the  associated  asymmetric  trim  drag. 


With  cushion  flow  diverted: 

T  =  17.600 

D,  bag  inflated 
Deduct  bag  drag 
Add  wind  milling 
Add  trim  drag 


-  8100  =  9500  lb 

=  8050 

-  770 
+  835 

+  176 


Total  drag  8290  lb 

T-D  1210  lb 


Wind  milling  and  trim  drags  are  found  in  Reference  2  Figures  127  and  131. 
y  *  0  022 

Climb  rate  =  193  ft/min. 
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Slnglo  engine  thrust  and  drag  are  plotted  in  Figure  55.  The  poor  single  engine  perform¬ 
ance  of  the  C-119  emphasizes  the  advantage  of  the  thrust  diverter.  However,  its  use 
to  book  up  the  single-engine  failure  case  should  allow  for  better  power  matching  in 
most  aircraft  designs. 

3.  Landing  Distance 

Landing  distance  will  be  principally  dependent  on  deceleration.  Demonstra¬ 
tion  of  the  capability  of  the  air  cushion  scheme  to  achieve  equivalent  braking  to  wheels 
in  the  manner  described  in  8ection  n.2  Is  beyond  the  scope  of  this  program.  A  specimen 
landing  distance  calculation  which  illustrates  performance  required  from  the  cushion 
braking  system  is  as  follows.  (The  method  given  in  Reference  5  is  used). 

For  the  calculation  .approach  speed  is  taken  as  1.3  VgQ  where  VgQ  is  the 
a  tailing  8  peed  in  the  landing  configuration.  A  normalflare  with  nose  wheel 
lowered  at  95  knots  is  assumed.  Also  normal  reverse  thrust  application 
from  90  to  150  knots  with  brake  application  from  60  knots  to  rest  will  be 
compared  with  full  reverse  thrust  to  bring  the  aircraft  to  rest  without 
brakes  in  the  air  cushion  case.  This  shows  the  importance  of  cushion 
braking.  Power  off  approach  at  60,000  lb  io  firs:  considered: 

C,  =1.76  (T  =  0 ,  Reference  2) 

L  c 

max 

q  =  W/SCT  =  60,000/(1447  X  1 .76) 

•L 

=  23.5  lb/it2 

V0„  =  140.5  ft/sec  83 .3  kt 

oU 

1.3  VgQ=  183  ft/sec  =  108.4  kt 


Wheels 

Air  Cushion 

Takeoff  configuration  drag  from  Figure  54  lb 

8200 

8800 

Incremental  landing  flap  drag  , 

(Acd  =  0.026) 

lb 

1490 

1490 

Total  drag, 

lb 

9690 

10,290 

D/W 

0.1615 

0.171 

Glide  Path  -  deg. 

9.26 

9.8 

For  this  high  weight  case,  it  will  be  assumed  that  the  approach  is  made  with 
power  on  at  20%  thrust  to  avoid  the  above  steep  approach  and  *lat  slightly 
more  power  is  used  in  the  air  cushion  case  to  give  the  same  approach  angle. 
Approach  speed  will  be  somewhat  reduced  because  of  the  slipstream  Hit  of 
the  flap.  At  T  rr  0.13, 
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VI-'1-' 


Dead  Engine  Wtndmilling 
Yaw  Trim  Drag  Included 
60,000  lb  G.W. 


Figure  55.  C-119  Single-Engine  Performance 
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i '  <3.  =*  1.93 

.1-...  " _ 


1.3  =  108.4  x  yi.76A. 93  = 

103.8  knots 

Takeoff  drag  from  Figure  54  , 

lb 

8000 

8000 

Landing  flap  drag  > 

lb 

1360 

1360 

Total  drag 

9360 

9360 

20%  Thrust  (See  Figure  54)  , 

lb 

3100 

3100 

D-T  , 

lb 

6260 

6260 

(D-T)/W 

0.104 

Approach  acgle,deg. 

6.0 

’Airborne  distance  le  calculated  using  the  method  of  Refer  a  nee  3  Shi  EG  6/3. 

=  0.799  x  103.82  x  (0.1O4)2 
“f  2 

*.46.6  ft 

The  flare  le  started  below  the  50  foot  screen  height.  Hence, 

s  =  0.799  xl«3.82x  0.104 
a  0.104 

*  896  +  33 

=  928  ft  , 

?.c ' 

Also. 

VT*  V103’82  "  (0.104  X  928  -  50)  22.6 


*  98.5  knots 

Forward  thrust  is  cut  off  at  touchdown . 

Ground  roll  distance  Is  considered  in  sectors-  (Reference  5  Sht  EG  6/4) 
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(1)  Touchdown  to  level  off  at  95  kt 


Average  q  =  32  lb/ft*" 
Aerodynamic  drag  CD  Sq  , 


2  2 
V  -  V 
2  1  W 


(ll)  95  kt  to  90  kt  ) 

at  Q'j'L  =  0  Tg  —  0  ) 

Bag  profile  reduced  50%) 
on  ground  ) 


Aerodynamic  drag  , 

Momentum  drag  , 

Rolling  friction  ^.R  (R  =  3S,700  lb)  , 


(III)  90  kt  to  60  kt: 

At  SO  kt, 

Aerodynamic  drag4  , 
Momentum  drag  , 

Rolling  friction  (R  =  50,000)* 
Reverse  thrust  (Figure  59)  , 


lb 

lb 

lb 

lb 

n_T  IK 


Wheels 

1.32 

0.036 

0.051 

0.147 


0.0219 

0.051 

0.073 

3060 


1250 

14,700 

17  R90 


Air  Cushion 
1.32 
0.036 
0.051 
0.147 


lb 

68C0 

6800 

t 

lb 

- 

695 

D,  lb 

6800 

7495 

ft 

260 

240 

) 

CL 

0.625 

=  0.3,ACD  =  0.02  for  revere?  thrust  are  assumed. 
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<1 V)  60  kt  to  50  kt: 

*  4-  rrt  1.* 

/Vt  di  rvi  , 

Wheels 

Air  Cushion 
Hrnkcd 

Air  Cushl 
Unbrsk^d 

Aerodynamic  drag, 

lb 

640 

700 

700 

Momentum  drag 

lb 

- 

410 

410 

Braking  force  (  0.4) 

lb 

22.100 

22,100 

- 

Reverse  thru6t 

lb 

12,300 

’  2,300 

12.300 

D-T 

lb 

35,240 

35,510 

13,410 

s 

(v)  50  kt  to  rest 

At  35  kt 

ft 

90 

90 

240 

Aerodynamic  drag 

lb 

440 

380 

260 

Momentum  drag 

lb 

- 

250 

250 

Braking  force 

22,500 

22,500 

- 

Reverse  thrust 

- 

- 

10,000 

D-T 

lb 

22,940 

23,130 

10,510 

s 

ft 

290 

290 

640 

Total  ground  roll  distance 

ft 

1,940 

2,070 

2,570 

All  borne  distances 

ft 

926 

928 

928 

Total  distance  from  50  ft 

ft 

2,868 

2.998 

3,498 

Energy  absorption  distribution: 


Aerodynamic  drag  Airborne 

5.80 

5.80 

5.80 

ft-lb  x  10" 6 

(D 

1.77 

1.63 

J  .63 

<H> 

1.93 

1.97 

'.  .97 

(111) 

1.12 

1.00 

1.00 

(iv) 

0.C8 

0.06 

0.17 

(V) 

0.13 

0.11 

0.17 

1 

A  VM44 

4  n  nn 

x  v.oo 

10.57 

5.0. 74 

Momentum  drag 

(1) 

- 

0.17 

0.17 

(11) 

- 

0.48 

0.48 

(III) 

- 

0.39 

0.39 

(Iv) 

- 

0.04 

0.10 

(v) 

- 

0.07 

0-16 

Total 

0 

1.15 

1.30 

Wheel  and  braking  drag 


Total 


(11) 

0.53 

- 

- 

(111) 

0.84 

- 

- 

1 

(Iv) 

1.99 

1.09 

- 

in 

(v) 

6.53 

6.52 

- 

EE 

9.89 

8.52 

IT 

I 
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Wheels 

Air  Cushion 

Air  Cushion 

Braked 

Unbraked 

Reverse  thrust  (ill) 

9.85 

10.59 

10.59 

(iv) 

111 

A  •  A  A 

iii 

2.9G 

(v) 

- 

C  .40 

Total 

10.96 

11.70 

19.95 

Total  ft  -  lb  x  10 

31.68 

31.94 

31.99 

Energy  of  aircraft  at  approach  speed,  at  screen: 


h  x  W  +  _WVL 
2g 


50,000  ( 


103.8  x  2.852 
64.4 


+  50)  =  31.65  x  10 


Distance  Is  Increased  from  about  3000  to  3500  feet  when  reverse  thrust  Is  used 
as  a  substitute  for  braking.  In  this  case  reverse  thrust  (which  appears  to  be  very 
effective  on  the  C-119)absorbs  about  2/3  of  the  total  energy. 

4.  Overwater  Takeoff 


The  central  factor  In  overwater  takeoff  Is  the  wave  drag  at  hump  speed.  This 
wave  is  caused  by  the  vehicle.  As  soon  as  it  can  climb  on  to  It  wave  drag  decreases 
rapidly  (similarly  to  planing  boats).  It  is  not  necessary  in  theory  for  the  vehicle  to 
touch  the  water,  the  wave  being  caused  by  movement  of  the  water  depression.  Depth  of 
depression  is  displacement,  or  cushion  pressure  divided  by  water  density.  Wave  drags, 
speeds  and  displacements  are  calculated  for  contrasting  configurations  Nos.  1  and  3 
as  follows:  (See  Reference  6  Figure  D-2) 


S 


4  C  W 
w 

x  1  x  p  W 


Configuration 

1 

3 

2 

Cushion  area  S  ft 

c 

Main 

360  5 

166.3 

None 

- 

20.8 

Cushion  length  1  ft 

Main 

33.9 

16.9 

Nose 

- 

5.15 

» - )  U. 

XAHMl  f  ACT 

Main 

60,000 

53,450 

(Section  I1.3.d(2) ) 

Nose 

- 

6,550 

O 

Cushion  Pressure  lb/ft “ 

Main 

166.5 

321 

Nose 

i 

315 
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1 

3 

Displacement,  Inches 

31 .9 

52 

°W  = 

Main 

0.48 

0.05 

Nose 

- 

0.75 

U  ,1b 

Main 

9,040 

42,000 

Nose 

- 

19,200 

Total 

9,040 

61 ,200 

D  Av 
w 

0.1505 

1.02 

V,  ,  ft/sec 
h 

23.5 

14 

The  wave  causing  the  drag  is  driven  up  before  the  bow  of  the  vehicle.  The  theory  Is 
Invalid  If  this  bow  wave  is  breaking.  The  wave  will  "break",  i.e.,  tumble  over  at  its 
crest  and  form  a  "white-cap"  If  it  becomes  very  steep.  For  configuration  3,  the  cal¬ 
culated  wave  drag  Is  probably  very  pessimistic  since  a  D  /W  in  the  order  of  0.2  will 
cause  a  sufficiently  steep  wave  for  breaking.  However,  in  the  case  of  the  short  cushion 
It  Is  extremely  unlikely  that  with  a  displacement  of  nearly  4  1/2  ft,  and  such  an  enor¬ 
mous  calculated  drag,  that  any  overwater  capability  is  available. 

5.  Cross-Wind  landing  Profiie 

The  air  cushion  landing  gear  has  no  side  load  capability.  It  behaves  like  a 
freely  castering  wheel  system  at  all  times.  Thus,  it  is  possible  to  make  takeoffs  and 
landings  without  the  necessity  for  heading  along  the  track 

Ir  cross  wind  takeoff  at  maximum  thrust  any  tendency  to  drift  sideways  off 
the  track  is  easily  countered  by  yawing  through  a  small  angle  to  provide  the  necessary 
component  from  the  thrust. 

Cross  wind  landings  can  be  made  approaching  with  the  wings  level  and  without 
kicking  for  yaw  just  belore  touchdown.  However,  during  the  landing  rollout  down  to 
taxi  speed,  the  sideways  drift  tendency  is  less  obviously  controlled  and  use  of  forward 
thrust  Is  not  acceptable.  Reverse  thrust  is  available,  however  and  the  following  Is  a 
natural  control  sequence  for  use  In  cross  wind  landing  rollout: 

(a)  Touchdown  heading  into  relative  wind.  (Yawed  off  the  track,  nose  toward 
the  direction  from  which  the  wind  is  coming).  After  touchdown  increase 
this  yaw  angle  off  track  to  provide  body  side  force  balancing  decelerating 
aerodynamic  drag  components  normal  to  track,  preparatory  to  reverse 

thrust  application. 

(b)  Yaw  out  of  wind  to  head  toward  track  (possibly  by  using  cushion  brakes) 
continuing  the  yaw  to  head  off  track  away  from  the  wind  as  reverse  thrust 
is  applied.  Reverse  thrust  component  then  balances  body  sldcload  due  to 
sideslip  as  well  as  decelerating  drag  compoi  ent. 
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The  forces  Involved  are  Illustrated  In  the  diagrams  in  V  igure  56  (a)  and  (o). 
Unfortunately,  no  side  load  due  to  sideslip  data  for  the  c-119  !  b  iivsllsfclc.  Variations 
In  axial  and  lateral  body  forces  must  therefore  be  estimated.  Figure  57  reproduces 
some  typical  ACV  force  variations  with  sideslip  angle.  This  type  of  variation  Is  assumed 
in  the  present  Instance,  the  lateral  force  being  assumed  to  reac  h  a  coefficient  cy  of 
1.0  at  90°  based  on  body  side  area*  (corresponding  to  the  value  used  In  Section  II. 5. a 
(3)  (b)  and  the  axial  force  decayng  with  angle  from  the  total  level  attitude  Cn0  in  the 
landing  configuration.  The  momentum  drag  will  be  assumed  to  vary  with  VMor  sim¬ 
plicity,  introducing  a  very  6mall  error.  Thl6  Cj)  Is  the  same  as  that  used  In  the  take¬ 
off  calculation,  plus  the  Incremental  drag  for  landing  flap: 

CD  =  D/Sq  =  2523/(1447  x  13.65) 

=  0.128 
A CD  flap  =  0.026 

0.154 

The  assumed  coefficients  are  plotted  In  Figure  58  based  on  wing  area.  (Body  side 
area/wing  area  =  470/1447  =  0.325). 

Maximum  reverse  thrust  Is  given  in  Reference  2  Figure  129.  It  Is  plotted  versus  speed 
as  a  coefficient  referred  to  wing  area  in  Figure  59. 

In  Figure  56 


X  C  Sq  +  T 
x  ^  R 

Y=  C  Sq 

y 

Resolving  laterally  and  reducing  to  coefficients 
(Cx  +  CT)  sin  4/  -  C  cos  ^ 

Also  vwA'g  =  tan  ( ^  -  J3  ) 

Vv  =  f.ln  ( 'P  -  $  ) 

Values  of  4>  and  /3  were  obtained  by  solving  these  equations  for  a  range  of  ground  speeds 
and  the  results  are  plotted  In  Figure  60  as  yaw  angle  against  speed.  Relative  wind  heading 
is  also  shown  to  Illustrate  sideslip  angle,  the  difference  between  this  and  the  aircraft 
heading.  After  release  of  reverse  thrust  and  brakes  for  taxi  the  aircraft  Is  turned  into 
wind  and  forward  thrust  applied  for  control.  To  remain  stationary  without  brakes  on  it 
is  of  course  necessary  to  head  into  wind  and  apply  some  thrust. 

*  It  Is  assumed  that  the  aircraft  less  tall  has  neutral  directional  stability.  Therefore, 
the  total  tail  load  Is  zero  for  all  sideslip  angles. 
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Figure  57.  Typical  ACV  Sidesl 
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Figure  59.  C-119  Reverse  Thrust  Coefficient 
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Figure  60.  CroBBwind  landing  Yaw  Angles 
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It  is  expected  that  cushion  braking  will  be  designed  to  provide  some  directional 
stability.  It  will  also  be  noted  that  brakes  do  not  provide  side  force. 

Other  means  of  control,  6>ich  as  the  application  of  cushion  momentum  to  pro¬ 
vide  sloe  force  either  directly  or  by  rolling  the  aircraft  slightly  and  the  Influence  of 
aerodynamic  wing  lift  due  to  roll  have  not  been  studied.  The  natural  tendency  <s  to  roll 
Into  wind,  bringing  these  forces  into  play. 
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HI.  WIND  TUNNEL  MODFL  TESTS  AND  ANALYSIS 


A.  MODEL  DESCRIPTu'/N 

Figure  01  is  an  assembly  drav'ing  of  the  wind  tunnel  model  The  model  i t self  is 
made  of  fiberglass  and  wood;  the  wing,  flaps,  each  tail  boom  and  fin,  the  horizontal 
stabilizer,  elevator  and  fuselage  being  separate  components. 

The  fuselage  is  made  in  two  pieces,  an  upper  and  lower  fiberglass  shell  which 
nest  together.  The  air  cushion  trunk  is  mounted  to  the  lower  shell  which  is  easily 
removable  as  a  unit.  An  air  plenum  chamber  is  mounted  in  the  upper  shell,  scaling 
against  the  iower  shell  on  assembly.  This  plenum  has  a  hollow  ball  joint  mounted  at 
the  top  forming  an  air  seal.  The  male  portion  is  pinned  to  the  female  lorming  a  pitch 
pivot.  A  two-inch  Inside  diameter  ball  bushing  is  fixed  inside  the  male  portion  and 
through  this  the  hollow  mounting  shaft  slides  so  that  the  model  is  free  to  rise  and  fail. 
The  mounting  ehait  is  fixed  at  its  top  end  to  a  six-component  strain  gage  balance  on 
the  end  of  the  tunnel  sting.  High  pressure  air  is  piped  to  the  model  trom  an  external 
source  in  a  0.5  inch  steel  1  me  mount'd  beneath  the  sting.  This  pipe  is  coiled  about  a 
longitudinal  axis  so  as  not  to  introduce  additional  6tiffncsa  into  the  drag  balance.  It  is 
then  connected  across  the  balance  into  the  mounting  shaft  with  a  rigid  conned  ion.  The 
mountlni,  shaft  has  a  cap  on  its  lower  end  which  incorporates  radial  holes  feedi  ig  air 
to  the  model  plenum.  The  cap  aloe  serves  as  a  bottom  atop  so  that  the  model  can  be 
raised  from  the  ground  (air  off)  by  elevating  the  sting.  The  top  stop,  against  which  the 
model  rests  when  the  lift  Is  greater  than  tho  weight,  is  a  pin  through  the  mounting 
shaft. 


A  24-volt  electric  motor  is  mounted  forwurd  inside  the  fuselage,  and  control 
wires  run  nn«(  (he  «<r  plenum  out  through  hob.-e  in  Uu-  rear  of  the  upper  shell  to  con  • 
nect  to  lugs  above  sad  below  tho  elevutor.  This  provides  remote  control  of  elevator 
|K»slUon. 

Hotury  potentiometers  arc  fluel  to  the  pitch  pivot  and  elevator  drive  motor  shaft 
In  order  to  measure  angle  of  attack  and  elevator  angle.  A  10-inch  linear  |>otontlomolcr 
l/i  clumped  to  the  mounting  shaft  for  u  record  oi  height.  Motor  control  und  j/otontlo 
meter  wiring  as  well  as  trunk  and  cushion  presume  tap  tubing  urc  led  out  through  the 
uppor  shell,  fined  to  the  mounting  shuft  fairing  und  then  looped  uerous  the  balance  in 
side  ire  oting  fairing 

Two  lower  fuselage  shells  were  available  for  the  tests  /uid  are  Interchangeable. 
An  elastic  trunk  wan  attached  to  the  fust  configuration  and  the  other  three  conflguru- 
tfona  which  were  all  Inelastic  wore  attached  to  the  othoi  one.  If  Is  shown  disassembled 
from  the  model  In  Figure  02.  1.1  him  the  bu«lc  Inoluutlo  configuration  uUnchod. 
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Figure  62.  Tunnel  Model  with  Lower  Shell  Disassembled 
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B.  TRUNK  CONFIGURATIONS 

1.  Elastic  Trunk 

The  elastic  trunk  and  the  first  inelastic  trunk  simulated  the  basic  configura¬ 
tions.  The  elastic  trunk  wan  made  from  a  single  ply  material, rubber/stretch-nylon. 
The  distributed  jet  was  introduced  by  stitchh.g  closely  spaced  holes  with  a  blunt  needle. 
Because  of  the  small  scale  and  the  material  available  it  was  not  possible  to  simulate 
the  trunk  pressure.  The  air  flow  was  small. 

2.  Inelastic  Basic  Trunk 

The  Inelastic  basic  trunk  was  made  from  a  lightweight  nylen/hypalon.  U6ing 
a  plaster  mold  of  the  Inflated  shape,  a  pattern  of  pieces  was  cut  from  the  flat  sheet  and 
bonded  to  each  other  on  the  mold.  The  jet  pattern  was  then  introduced  by  hand,  using  a 
hole  punch.  Figure  63  is  a  photograph  of  this  configuration  in  the  tunnel.  Seven  rows 
of  jet  holes  were  cut  using  1/8  inch  diameter  spaced  apart  3/8  inch.  At  the  ends  the 
spacing  was  maintained  on  the  ground  tangent.  This  hole  pattern  provided  a  gross 
nozzle  area  sufficient  to  simulate  the  T58  auxiliary  power  scheme  flow  using  45°  jets 
as  follows. 

Net  full  scale  area  =  7.0  ft2 

Discharge  coefficient  =  0.62 

(using  average  pressure 

"Uo  babs/Pcabs  “d 
PWp°ab,) 

Jet  angle  correction  factor  =  1.707 

Gross  full  scale  nozzle  area  -  7.0  x  1.707/0.62  =  19.25  ft2 

Gross  model  scaie  nozzle  =  19.25/144  ft2 

area  =  19.25  in.2 

Therefore,  1580  1/8  inch  holes  are  required, 


Air  flow  was  measured  for  the  tunnel  test.  Air  flow  rather  than  area  Is  the 
factor  of  importance. 

Gross  full  scale  air  flow  -  3250  x  1.707  =  5550  ft3/scc 

Model  scale  air  flow  will  be  greater  than  the  similarity  scaling  (to  the  power  of  2  5) 
because  the  model  is  much  heavier  than  the  similarity  weight.  Hence,  air  flow  is  ob¬ 
tained  from  model  scale  pc  using 

n-cy/gz  ■  ’•z2'  forpc/pJ  "  °'6 
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In  this  carp .  thp  no7.7.jp  hy-po  |o  flow  ht£2.  2nd  discharge 
Therefore 


-vi  — 

wvvimicu 


10 


uu. 


ijiCluucu. 


Q 


1.22 


7.0  X  1.707 
144 


x  29 


for  a  model  weight  of  95  pounds: 


P 


c 


95  x  144 
360.5 


=  38  Ib/ft2 


Hence  Q 


18.05  ft3/sec 
1.38  lb/sec 


At  Pc/Pj  =  0.5  the  total  model  air  flow  in  the  tunnel  was  found  to  be  slightly 
in  excess  of  1.5  ib/sec.  Unfortunately,  the  leak  flow  was  considerable,  both  through  the 
ball  joint  and  beneath  the  model  plenum  so  that  air  flow  could  not  be  determined 
accurately.  In  runs  2,  3  and  11  total  air  flow  was  reduced  to  approximately  1.25  lb/sec. 
Little  difference  in  performance  could  be  observed. 


3.  Half  Length  Cushion  with  Nose  Plenum 

The  half-length  main  cushion  configuration  was  made  in  a  similar  fashion. 
The  same  pc/Pj  is  required  and  hence  the  same  nondlmensional  flow  factor  applies. 
This  can  be  written,  for  effective  gap  g,  as 

a  -z  Q  /  P  —  o  0283  _ 

*  1.22c  V2T7  0  0283  cyp^ 


Comparing  the  two  configurations  from  Section  II-C  and  using  the  lower  jet 
height  for  convenience, 


Full  Length 

Half  Length 

Q 

1780 

1800 

Pc 

166.5 

321 

c 

80.6 

46.9 

c  ^/Pc 

1042 

840 

Q/c  a/Pc 

1.7 

2.14 

g 

0.57  in. 

0.72  : 

Thus  a  25%  increase  in  the  nozzle  area  per  foot  Is  required.  The  hole  size  was  kept 
the  same  and.  the  spacing  reduced  slightly  to  accomplish  this. 
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The  nose  plenum  was  made  from  a  sheet  of  the  same  material.  A  cone  angle 
cf  6“  was  found  satisfactory  The  plenum  is  rather  tall.  Initially  this  gave  6ome 
trouble  3ince  it  could  not  be  relied  upon  to  erect.  This  was  overcome  by  introducing 
a  plate  beneath  the  plenum  supply  hole  to  spread  the  flow  radially  as  shown  below: 


The  depth  of  the  spacers  was  calculated  to  pass  the  required  flow  assuming  Pj  =  1.2 p£. 

4.  Three -Plenum  Configuration 

In  this  configuration  the  3ame  nose  plenum  was  retained  but  the  main  cushion 
was  provided  by  a  pair  of  circular  plenum  chambers,  similarly  constructed  but  of  maxi¬ 
mum  diameter  to  fit  beneath  the  fuselage.  Air  supply  ports  into  the  three  inelastic  con¬ 
figurations  were  arranged  as  four  slotb  of  area  4.25  in.2  each,  and  a  hole  for  the  nose 
plenum  feed  was  blanked  using  the  spreader  piate.  The  slots  were  positioned  to  pro¬ 
vide  a  common  main  trunk  air  supply  for  the  other  three  configurations  (Figure  54). 
Thus,  In  the  case  ot  the  three-plenum  configuration,  relative  air  flow  between  the  main 
and  nose  plenums  is  controlled  by  the  spacer  depth  at  the  front.  This  depth  was  not 
changed  for  this  configuration  test. 

C.  STATIC  PITCH  AND  ROLL  STIFFNESS  TESTS 

All  configurations  were  functioned  with  the  model  base  floating  free  on  a  plat¬ 
form,  at  the  appropriate  weight,  balance  and  trunk  pressure.  Static  pitch  and  roll  stiff¬ 
ness  was  observed  and  behavior  compared.  The  elastic  trunk  pressure  could  not  be 
maintained  at  the  proper  level  because  the  material  is  too  stiff  for  inflation  at  this 
level.  It  was  inflated  to  the  proper  size,  which  required  a  trunk  pressure  of  3.5  lb/in.2. 
Thus,  at  the  model  pc  of  38  ib/ft2,  pc/Pj  was  0.075,  which  is  a  very  stiff  bag.  It  was 
very  stable  in  pitch  and  roll  and  well  damped  in  roll.  Pitch  damping  was  poor,  though 
to  be  due  to  flow  attachment  at  the  front  or  rear  tending  to  excite  t  ie  model. 

Static  stiffness  measurements  were  taken  from  the  basic  coni igurat ion  with  the 
inelastic  trunk.  Thi  i  configuration  was  also  satisfactory,  although  the  pitch  damping 
war  still  rather  maiglnal.  The  variation  of  roll  stiffness  with  trunk  pressure  is  very 
noticeable.  With  a  very  soft  bag  the  roll  oscillation  frequency  is  much  reduced  and  the 
model  behavior  could  be  called  "sloshy".  For  this  reason  stiffness  melSurements 
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The  nose  plenum  was  made  from  a  sheei  of  the  same  material.  A  cone  angle 
of  6C  was  found  s:  tisfactory.  The  plenum  is  rather  tall.  Initially  thi6  gave  some 
trouble  6ince  it  could  not  be  relied  upon  to  erect.  This  wa6  overcome  by  introducing 
a  plate  beneath  the  plenum  supply  hole  to  spread  the  flow  radially  as  shown  below: 


The  depth  of  the  spacers  was  calculated  to  pass  the  required  flow  assuming  Pj  =  1.2  pc. 

4.  Three -Plenum  Configuration 

In  this  configuration  the  same  nose  plenum  was  retained  but  the  main  cushion 
was  j  rovided  by  a  pair  of  circular  plenum  chambers,  similarly  constructed  but  of  maxi¬ 
mum  diameter  to  fit  beneath  the  fuselage.  Air  supply  ports  into  the  three  inelastic  con¬ 
figurations  were  arranged  as  four  slots  of  area  4.25  in.”  each,  and  a  hole  for  the  nose 
plenum  feed  was  blanked  using  the  spreader  plate.  The  slots  were  positioned  to  pro¬ 
vide  a  common  main  trunk  air  supply  for  the  other  three  configurations  (Figure  64). 
Thus,  in  tne  case  cl  the  three-plenum  configuration,  relative  air  flow  between  the  main 
and  nose  plenums  is  controlled  by  the  spacer  depth  at  the  front.  This  depth  was  not 
changed  for  this  configuration  test. 

C.  STATIC  PITCH  AND  ROLL  STIFFNESS  TESTS 

All  configurations  were  functioned  with  the  model  base  floating  free  on  a  plat¬ 
form,  at  the  appropriate  weight,  balance  and  trunk  pressure.  Static  pitch  and  roll  stiff¬ 
ness  was  observed  and  behavior  compared,  The  elastic  trunk  pressure  could  not  be 
maintained  at  the  proper  level  because  the  material  is  too  stiff  for  inflation  at  this 
level.  It  was  inflated  to  the  proper  size,  which  required  a  trunk  pressure  of  3.5  lb/ in.2. 
Thus,  at  the  model  pc  of  38  lb/ft2 ,  Pc/Pj  was  0.075,  which  is  a  very  stiff  bag.  It  was 
very  stable  in  pitch  and  roll  and  well  damped  in  roll.  Pitch  damping  was  poor,  though 
to  be  due  to  flow  attachment  at  the  front  or  rear  tending  to  excite  the  model. 

Static  stiffness  measurements  were  taken  from  the  basic  configuration  with  the 
Inelastic  trunk.  This  configuration  was  also  satisfactory,  although  the  pitch  damping 
was  still  rather  marginal.  The  variation  of  roll  stiffness  with  trunk  pressure  is  very 
noticeable.  With  a  very  soft  bag  the  roll  oscillation  frequency  is  much  reduced  and  the 
model  behavior  could  be  called  ''sioshy".  For  this  reason  stiffness  measurements 
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were  taken  lor  several  values  ol  pc/ly  These  ate  shown  In  Figure  G5  'I here  was  h 
tendency  for  the  model  to  find  a  different  trim  j*oint  at  zero  moment  on  the  return 
curve.  These  measurements  were  taken  with  tin  overhead  flexible  supply  line  and 
although  tlia  stiffness  Introduced  by  11  was  small  It  could  account  fox  the-  observed 
hysteresis.  The  average  roll  stiffness  variation  with  bag  presume  Is  shown  In  Figur  e 
41  which  plots  roll  cp^>  versus  pc/Pj. 

Pitch  stiffness  measurements  were  taken  al  a  basic  pc/I’  of  0.5  (be.,  with  trunk 
pressure  equip  to  76  lb/ft^)  for  a  model  weight  of  65  pounds,  Ulrcct  measurement  of 
cushion  pressure  confirmed  that  effective  cushion  area  (model  weight  divided  by 
cushion  pressure)  was  in  fact  almost  exactly  equal  to  the  predicted  360  ln.^  (360  f'/ 
full  scale)  Ab  far  as  could  be  ascertained  at  this  small  scale,  Jet  height  was  0.20 
Inch  average,  (2.45  inch  full  ecalo) ,  approximately  In  line  with  the  predicted  value  at 
50%  Jet  heigh*  efficiency  allowing  for  Jet  angle.  For  analysis  of  trkeoff  rotation  stiff¬ 
ness  is  required  as  a  function  of  weight.  Measurement!;  were  therefore  also  taken 
with  the  model  weight  variable.  In  practice  it  is  not  possible  to  reduce  the  we'ght  so 
ft  variable  upload  was  applied  tbtough  the  .model  c.g.  A  pitch  axis  pivot  was  Introduced 
at  this  point  and  a  teeter-totter  lever  arrangement  vas  incrementally  loaded  at  its 
other  end. 

Evidently  pitching  moment  at  small  angles  can  depend  Importantly  on  Jet  height 
The  simulated  nozzle  area  corrccpor.de  co  the  high  power  level  with  an  allowance  lor 
Jet  angle.  No  problems  were  apparent  aa  a  result  of  this  higher'  power  level.  How¬ 
ever,  if  pitching  moment  Is  found  to  be  larger  at  lower  power  level  and  Jet  area  thin 
will  off”-'  rotation.  This  was  therefore  checked  by  blanketing  half  the  nozzle  area. 

1  ne  Inner  two  rows  and  thoouter  row  of  nozzle  holes  were  sealed.  The  Jet  height  was 
reduced  to  approximately  1/8  inch  r.t  pc/Pj  -1  0.5.  Comparative  runs  were  made  al 
thla  Pc/I’j  Since  the  stiffness  was  found  to  be  ‘substantially  unaffected,  the  variable 
weight  runs  were  made  In  this  configuration.  These  remits  ate  shown  In.  Figure  SO 
aa  full  scale  pitching  moment  versus  pitch  angle.  Cross  plots  of  this  data  are  the 
essential  information  required  for  analysis  and  are  shown  in  Figure  41)  (Section  il-E). 

(Qualitative  observations  were  made  of  the  other  'wo  configurations.  The  half- 
length  main  cushion  is  softer  In  roll  and  much  softer  1,  pitch  (as  would  be  expected). 
The  real  need  for  a  noae  support  for  such  a  conflguialion  cannot  be  decided  without 
further  study,  including  dynamic  considerations.  Qualitatively,  observation  of  the 
model  Indicated  tha,'  the  nose  might  bob  right  down  to  Che  ground  as  a  result  of  severe 
pitch  dlaturbaiee .  such  as  lull  cushion  braking.  The  three- plenum  configuration  wan 
rather  unsatisfactory;  it  was  unstable  in  roll.  Without  lateral  support  tills  leuds  to 
awesome  dynamic  behavior  In  which  the  plenums  partially  collapse  and  ieirillate  as 
roll  angle  changes  and  violent  random  excursions  in  heave  and  roll  continue  The 
configuration  wus  tested  in  the  wind  tunnel  to  establish  basic  feasibility  and  when  fixed 
In  roll,  the  behavior  was  quite  satisfactory. 
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D.  WIND  TUNNEL  TEST  METHOD 

Takeoff  runs  were  made  at  different  speedr,  for  cwo  flap  angles  and  two  longi¬ 
tudinal  c.g  positions.  The  basic  inelastic  trunk  was  tested  for  all  combinations  of  flap 
and  e  g  The  alternative  configurations  were  compared  fn  selected  conditions  only  in 
order  to  conserve  tunnel  time. 

At  the  sU’.rt  of  a  run  the  sting  was  lowered  until  the  model  is  resting  on  the 
ground  belt  (Figure  63).  There  Is  no  lift  on  the  balance  then,  until  the  model  reaches 
the  up  stop,  except  for  friction  transmitted  through  the  ball  bushing  Model  air  is 
turned  on,  inflating  the  trunk  and  lifting  the  model  onto  the  air  cushion.  The  ground 
belt  in  started.  Ae  belt  speed  is  Increased  tunnel  air  is  turned  on  and  belt  and  tunnel  are 
brought  up  to  the  predetermined  takeoff  apeed.  Elevator  angle  Is  then  increased  In 
increments.  At  each  angle  as  the  model  rotates  and  leaves  the  ground  trim  measure¬ 
ments  uro  taken,  ae  an  average  of  10  data  points  In  a  one-83cond  time  period.  Due  to 
unsteadiness  In  the  air  flow  and  friction  in  the  vertical  slide,  the  model  experienced 
random  oscillations  In  pitch  and  heave.  Pitch  angle  variations  of  1  to  2  degrees  were 
estimated.  . 

To  land,  a  nose-up  attitude  was  maintained  and  tunnel  and  belt  speeds  were  re¬ 
duced  together.  As  lift  was  reduced  and  aerodynamic  lift  decreased  the  model  sank 
back  on  the  ground  and  the  elevator  waa  then  moved  down  to  lower  the  nose  In  a  elmu- 
lutod  landing.  Instantaneous  readings  of  tunnel  velocity  as  well  as  other  parameters 
were  recorded.  The  performance  was  evidently  satisfactory  and  some  of  the  landings 
wore  made  at  large  angles  of  attack  Involving  maximum  contact  at  the  rear  of  the  air 
bug. 


E.  SIMILARITY  CONSIDERATION 

1.  Guuiuoiiy 

The  model  pivot  Is  placed  at  the  20%  chord  station  and  is  45  Inches  (full 
■ealo)  above  the  thrust  line  (rice  Figure  40).  The  model  Is  ballasted  with  nose  weights 
so  that  the  e  g.  Is  either  at  20%  or  30%  MAC,  covering  the  range  (Reference  2).  The 
vertical  c.g.  position  on  the  inode  1  correopondo  with  the  lower  (or  loaded)  e  g.  positions 
of  the  aircraft  which  are  designated  3  and  4.  The  model  ilid  not  incorporate  means  for 
Simulating  the  high  c.g 

dlnce  the  model  Is  on  a  vertical  slide  it  is  easily  seen  that  the  only  load 
applied  lo  It  through  the  pitch  pivot  Is  a  thrust  equal  and  opposite  to  the  total  drag. 

The  validity  of  the  simulation  can  beet  be  seen  by  compurlng  the  tail  load  with  the  air¬ 
craft  on  wheels  mounted  In  this  way  with  the  tall  load  In  actual  takeoff  evaluated  In 
Ooction  U-F.  Thus  (from  II- F. 3) 

GbG  Z)Lr  -  3320  x  40  -  16.500  x  16 
AL.J  "  -202  lb 
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decreasing  the  tail  load  required  for  rotation  (4,100  lb)  by  6%  in  this  case.  Evidently 
if  the  aircraft  is  considered  at  a  high  c.g.  the  model  is  simul?ting  something  more 
difficult  since  the  thrust  moment  is  nose -up  on  a  9  inch  arm  while  the  model  moment 
is  nose-down  cn  a  30  inch  arm.  In  this  case 

ALT  =  +45S  lb 

It  is  clear  that  as  far  as  tail  load  is  considered  the  compromise  is  acceptable.  The 
model  simulation  is  ciose  to  the  worst  condition. 


Pressure  and  Force  Relationships 


The  model  is  not  dynamically  similar  so  that  transient  motions  are  not  re¬ 
presentative.  For  true  dynamic  similarity  weight  varies  as  scale  cubed  (60,000  lb  = 
37  lb  1/12  scale)  and  moments  of  inertia  must  be  correct  so  that  mass  distribution 
must  be  carefully  controlled. 


To  conserve  cost  and  also  to  increase  force  level  and  Reynolds  Number, 
no  attempt  was  made  to  achieve  dynamic  similarity.  However,  this  involves  no  com¬ 
promise  of  trim  conditions  (moments,  attitudes  and  angles)  which  are  in  correct 
relationship. 


The  criterion  for  maximum  model  weight  is  maximum  tunnel  q,  which  is  12 
lb/ft2.  A  mod  J  weight  of  95  pounds  (forward  c.g.)  was  U3ed,  allowing  a  satisfactory 
margin,  the  highest  tunnel  q  used  being  10.4  lb/ft2.  The  weight  of  the  model  is  sup¬ 
ported  either  by  the  air  cushion  cr  by  the  wings.  Thus,  cushion  pressure  and  wing  lift 
are  higher  in  the  same  proportion  as  weight  and  since  lift  coefficient  depends  on  angle- 
of-attack  the  ratio  of  cushion  pressure,  jet  pressure  etc.  to  free  stream  dynamic  head 
is  also  the  same.  Thus,  the  air  cushion  steady  state  aerodynamics  are  unaffected. 
An^le-of-attack  depends  cn  elevator  angle  independently  of  scale  and  thus  elcr-atoi 
angle  to  trim  cushion  moment  as  well  as  aircraft  moment  is  correct. 


F.  MODEL  LIFT  AND  DRAG  CHARACTERISTICS 


1.  Aerodynamic  Lift 

The  recorded  model  lift  characteristics  are  shown  in  Figure  67.  These  were 
measured  with  the  wing  approximately  50  inches  from  the  ground  plane.  The  wing  span 
is  103.25  inches.  As  would  be  expected  the  stall  peaks  occur  at  lower  maximum  lift 
coefficient  than  full  scale.  However,  the  indicated  lift  curve  6lope  is  exceedingly  low 
for  a  wing  of  aspect  ratio  8.5.  This  discrepancy  is  hardly  reasonable.  On  the  other 
hand  it  is  quite  possible  that  an  error  in  angle-of-attack  is  responsible.  Angle-of- 
attack  Is  measured  by  a  rotary  potentiometer  in  the  model.  This  instrument  gave 
trouble  in  the  early  runG,  lending  weight  to  an  assumption  of  calibration  error. 


129 


Trimmed  Lif?  Coefficient 


AFFDL-TR-67-32 


Figure  68  is  a  comparison  of  lift  curves  in  the  takeoff  configuration; 
measured  lift  is  compared  with  Reference  2  data  (Tc  =  0  and  Tc  =  0.64).  A  model  lift 
curve  adjusted  to  the  same  slope  as  the  corresponding  full  scale  value  is  also  shown. 
Aircraft  lift  off  at  maximum  power  at  1.2  Vgj  occurs  at  =  1.46  at  a  =  6.2 
degrees.  The  model  was  lifted  off  closer  to  its  stalling  angle  (down  to  1.06  Vgj)  but  at 
a  lower  a  about  1°  lower  according  to  the  recorded  data  but  2.8°  lower  if  the 
adjusted  data  is  uses 


At  worst,  this  means  that  takeoff  has  only  been  verified  at  a  higher  speed 
than  1.2  VSi;  in  fact  at  180  ft/sec  instead  of  153  ft/sec.  At  the  higher  Bpeed  no  greatcr 
a  -pL  than  3,25°  would  be  required  for  liftoff  full  scale.  The  speed  itself  i8  sat¬ 
isfactory  (see  Figure  54).  Ho\  •ever,  it  will  be  shown  that  a  favorable  situation  with 
regard  to  elevator  angle  to  trim  exists:  furthermore,  no  significant  discontinuity  in 
elevator  angle  or  drag  can  be  discerned.  Thus,  considered  in  conjunction  with  the 
rotition  analysis  in  Section  Il-F,  it  is  probable  that  no  problem  exists  at  any  practical 
takeoff  speed. 

With  hindsight  it  is  clear  that  a  more  ideal  test  procedure  would  have 
included  runs  with  variable  wing  to  fuselage  incidence  angle.  However,  this  feature 
was  not  incorporated  in  the  model  and  in  fact,  due  to  the  method  of  manufacture,  the 
design  washout  (l3  root  to  tip)  was  not  realized  in  practice,  so  that  at  a  c  0  the  lift 
coefficient  was  greater  than  it  should  have  been  (Figure  68). 

Figure  69  is  a  similar  comparison  of  landing  lift  curves.  At  1.15  VgQ.  final 
approach  is  1.28  which  occurs  at  a  =  6.5°.  The  model  was  let  down  at  at  least 
this  high  an  angle  on  occasion  in  configurations  1  or  2.  (Full  length  main  cushion.) 

This  can  be  seen  from  the  movie  records  that  were  made. 


?.  Air  Cushion  Momentum  Lift 


in  run  13  cushion  pc/I’,  =  0.5  was  set  up  with  tunnel  air  ami  boll  both  ofl. 
The  sting  was  then  raised  in  email  increments,  increasing  ground  clearance;  und 
cushion  lift  was  recorded.  This  data  is  shown  in  Figure  70.  The  1  Lfl  to  Jet  height 
variation  found  io  compured  with  the  theoretical  variation  taken  from  Figure  26  using 
the  estimated  stalio  Jet  height  of  2.60  inches  is  a  starting  point.  Gross  cushion 
momentum  was  calculated  to  be  approximately  10  pounds.  No  lift  at  all  was  observed 
In  free  air,  the  suction  generated  ir.  the  air  cushion  cavity  and  on  the  trunk  surface 
amongst  the  Jot  nozzles  being  sufMctent  to  cancel  this.  At  a  critical  height  between  2( 
and  30  inches  full  scale  there  was  actually  Home  suck  down.  This  !s  thought  to  be  un 
likely  to  persist  with  forward  Sliced,  but  in  the  static  condition  Is  apparently  worth 
about  8000  lb  F.8. 


3.  Drag  in  Takeoff  and  lJtndlng 

Small  differences  in  rnouaurod  drag  at  this  scale  and  Reynolds  Number  ure 
considered  dubious.  Comparisons  between  successive  runs  or  coefficients  dele  mined 
from  teat  at  dlffercul  q  values  are  therefore  avoided. 
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The  drag  in  the  takeoff  ground  roll  was  determined  from  a  run  with  q 
variable  In  configuration  2  (Run  12).  This  data  is  sbt.wii  in  Figure  71  as  a  plot  of  C  p 
versus  Reynolds  number.  A  smooth  variation  of  Cj)  with  q  w&6  found,  the  coefficient 
decreasing  as  q  increased.  The  reduction  in  drag  coefficient  was  greater  than  would 
be  expected  from  Reynolds  number  variation.  In  Figure  71  the  data  is  compared  with 
values  determined  from  Reference  2.  A  typical  Reynolds  number  variation  is  drawn 
through  these  latter  values 

The  variation  of  drag  through  the  takeoff  rotation  is  typically  illustrated  by 
Figure  72.  The  position  marked  "free  from  ground"  is  drawn  between  two  points  having 
jet  heights  of  0.6  and  4.5  inches  at  the  longitudinal  c.g.  position.  The  absence  of  any 
drag  discontinuity  due  to  bag  drag  aL  any  angle-of-attack  is  notable.  In  the  first  instance 
the  ground  belt  was  brought  up  to  speed  before  the  tunnel  air  was  turned  on.  No  drag  ai 
all  could  be  detected  in  configuration  No.  2.  It  is  evident  that  this  zero  friction  condi¬ 
tion  was  maintained  through  the  takeoff  rotation,  duplicating  the  "air-lubrication"  found 
in  static  tests. 

However,  tn  the  case  of  configuration  No.  1.  the  elastic  trunk,  a  friction  drag 
due  to  contact  did  occur.  The  force  level  was  again  carefudy  observed  as  the  belt  was 
started  and  was  found  to  be  three  pounds.  It  was  invariant  with  belt  speed  but  decreases 
wito  tunnel  speed  as  would  be  expected.  This  Is  a  friction  coefficient,  fL  ,  of  about 
0.03.  A  takeoff  and  landing  including  a  high  angle  approach  was  successfully  done. 
Subsequent  inspection  of  the  trunk  showed  some  wear  in  three  local  arests;  on  either 
side  at  the  rear  and  on  one  side  In  the  center.  This  was  due  to  imperfect  "tailoring" 
of  the  trunk  and  the  failure  of  the  tiny  jets  to  maintain  air  lubrication  against  the  belt 
porosity. 


4.  Free  Air  Drag  of  Inflated  Alt  Cushion 

A  continuous  run  at  tunnel  q  =  10.3  lb/ft“  was  made  to  determine  the  drag 
Increment  ot  the  Inflated  air  cushion.  Air  to  the  cushion  was  turned  ofl  midway  through 
the  run  to  deflate  the  elastic  trunk.  Th»s  is  shown  in  Figure  73.  A  drag  increment  of 
the  same  magnitude  as  the  wheel  gear  is  Indicated.  A  wheel  gear  drag  coefficient 
increment  of  0.0173  is  quoted  In  Reference  2 

G.  MODEL  PITCHING  TRIM 

1.  Ground  Effect  Pitching  Moment 

The  most  significant  feulure  of  model  bchnvior  lound  In  the  tests  was  its 
stable  height  behavior.  It  was  easily  trimmed  to  ride  In  the  middle  of  the  vertical 
slide,  balanced  by  the  total  ground  effect.  For  this  stable  behavior  the  slope  of  the 
curve  of  height  versus  lift  (or  trimmed  angle -cf -attack)  must  bo  negative,  elevator  angle 
fixed.  The  of/ect  is  well  shown  by  the  data  of  Run  11  shown  In  Figure  74  in  which  the 
model  was  landed  with  olevr-tor  angle  fixed,  reducing  tunnel  q.  Ah  the  aircraft  ap¬ 
proaches  the  ground,  anglc-of-attack  initially  increases.  The  three  upper  poljnto  are 
part  of  a  curve  having  the  above  negative  sIojkj.  Clearly  this  characteristics  produces 
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ar.  automatic  flare-out  in  landing,  followed  by  a  nose-down  pitch  hr  the  rear  of  cushion 
tsakeb  contact.  This  could  be  observed  in  the  tunnel. 

2.  Elevator  Angle  to  Trim 

a.  Comparison  of  Takeoff  with  Free  Air  (Out  of  Ground  Effect) 

An  increased  nose-up  moment  as  the  ground  is  approached  indicates 
that  less  up-elevator  will  be  required  at  lift-off  and  beyond  titan  in  free  air.  At  the 
same  time  close  to  the  ground  the  elevator  becomes  less  effective  in  causing  pitch 
change.  These  effects  arc  well  Illustrated  by  Figure  75  which  shows  how  the  curvature 
of  the  elevator  to  trim  versus  a  curve  is  opposite  to  free  air  near  the  ground,  lr. 
tlio  region  near  a  =  0.  In  this  figure  elevator  to  tr.ra  flaps  20°  is  less  than  to  trim 
to  the  same  a  *j>l  ^aPB  up  to  free  a^r  tor  all  values.  The  free  air  run  was  made 
approximately  06  inches  from  the  ground  whereas  in  the  takeoff  run  the  model  reached 
a  maximum  base  height  of  8-3/4  inches. 

b.  Elevator  Angle  to  Trim  in  Free  Air 

Elevator  angle  to  trim  shown  In  Figure  75  is  repeated  lr.  Figure  76  for 
comparison  with  deflated  bug  trim  and  aircraft  data  from  Reference  2.  The  inflated 
bag  pitching  moment  1  h  seen  to  require  up  to  2-1/2  degrees  additional  up-elevator  to 
trim.  Tho  Reference  2  <luta  shows  generally  much  Icsb  elevator  angle  required.  This 
is  because  of  an  error  in  model  manufacture  which  resulted  In  the  tallplane  incidence 
being  sot  at  2.J  degreos  positive  to  the  thrust  line  instead  of  1.5  degrees  negative 
Thus  all  elevator  angles  determined  in  the  testa  arc  5  to  10  degrees  larger  in  the  up 
(-vo)  ncrioc  than  urc  rcuily  required.  Despite  this  the  required  elevator  angles  do  not 
approach  the  maximum  available  $  e  which  is  -24° 

3.  Elevator  Angles  to  Takeoff 

Takeoff  profiles  are  compared  in  Figures  77  and  78.  Figure  77  gives 
elevator  angles  versus  base  height  for  tho  two  basic  configurations  -  elastic  and  in¬ 
elastic.  Satisfactory  agreement  is  shown.  Figure  78  compares  the  1/2  length  cushion 
with  the  buelc  version  and  Indicates  the  expected  lower  elevator  angle  required. 

4.  Elevator  Power 

Finally  f  igure  71)  plots  pitching  moment  coefficient  versus  elevator  angle 
from  runs  ut  four  q  levols  and  elevutor  angles  with  tho  model  fixed  in  pitch.  Tbe 
elevator  angle  to  trim  to  C  •  0  has  no  significance  because  the  pitching  moment  con¬ 
tains  u  large  drag  moment  due  to  tho  offset  of  the  model  below  the  balance  center. 

The  slope  C,u£  of  0.01765  per  degree  is  in  reasonable  agreement  with  Reference  2 
data  ftom  which  a  vuluu  of  O.Ultf  per  degree  Is  derived 
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Figure  75.  Comparison  of  Trim  Angles 
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IV.  WHIG  FLOAT  MODEL  TESTS  AND  ANALYSIS 


A .  MODE  L  AND  H IG  PESO  HIPTION 

Figure  80  *8  an  assembly  drawing  of  the  wing  float  model.  The  model  base  con¬ 
sists  of  u  fiberglass  shell  with  plywood  ribs  to  which  the  rubber  trunk  Bheet  Is  attached. 
The  bos  cross-  section  is  constant  along  Its  length  and  flat  on  the  bottom.  In.plan,  the 
ends  are  radluseJ  to  match  {Be  trunk  design.  The  trunk  attachment  Is  11  Inches  up  the 
side-walls  from  the  base  In  the  center  at  the  outside.  The  trunk  le  a  Blngle  sheet  of 
two-ply  i/ylon  stretch  fabric  with  a  natural  rubber  core  and  neoprene  coating.  The 
trunk  Is  perforated  around  the  area  of  ground  contact.  Two  patterns  were  tested;  a 
basic  pattern,  and  one  with  approximately  200  additional  5/1G  Inch  diameter  holes 
distributed  mainly  around  the  ends.  The  trunk  Is  mounted  cn  the  bnso  with  the  stretch 
axis  arranged  transversely.  The  center  restraint  is  a  thick  light  alloy  plate  with 
radius ed  ends  attached  on  the  outside  of  the  trunk  sheet  by  three  through-bolts.  The 
model  Is  powered  by  a  backward- curved  centrifugal  fan  of  welded  aluminum  construction. 
The  maximum  speed  of  the  fan  is  9,820  rpm.  The  fan  Is  driven  by  a  hydraulic  motor 
through  pulleys  and  voe  belts.  The  reduction  ratio  Ib  3.22:1,  giving  a  maximum  motor 
speed  of  3050  rpm.  The  fan  unit  1b  mounted  on  a  welded  aluminum  transition  duct  which 
blfurcatea  the  flow  Into  two  rectangular  trunk  entry  ports,  one  on  each  side  of  the  bottom 
plate. 


The  unit  Is  mounted  on  the  end  of  the  whirling  arm  by  parallel  Unks.  These  links 
allow  freedom  to  move  vertically  but  provide  restraint  In  pitch,  yaw,  roll,  and  the  radial 
direction.  The  whirling  ann,  which  has  a  15-foot  radius,  is  driven  by  a  tyred  wheel 
powered  by  an  hydraulic  motor.  The  hydraulic  motors  driving  the  fan  and  wheel  have 
a  common  supply  which  is  controlled  remotely,  and  fed  via  swivel  joints  at  the  center 
of  Che  arm.  The  tydi  uillc  motor  driving  the  fan  is  connected  to  the  arm  witn  flexible 
hoses,  supported  on  the  parallel  Unks.  An  electrically  operated  Isolating  valve  cont  rols 
the  power  delivered  to  the  drive  wheel  and  hence  the  speed.  The  model  and  rig  are 
shown  In  Figures  6  and  7. 

B.  TEST  OUTLINE 

The  static  characteristics  of  the  model  were  found  by  varying  the  weight  of  the 
rig  and  fan  speed,  on/j  measuring  the  height  and  pressures  obtained  in  the  t  runk  (Pj) 
and  the  cushion  (Pc)*  Two  types  of  dynamic  toots  were  run.  The  fixst,  a  qualitative 
test,  was  to  evaluate  the  performance  of  th>.  trurk  at  forward  speed.  The  rig  was 
driven  over  a  series  pf  obstacles  at  a  range  of  sp:  eds.  The  secono  series  of  uynamlc 
testa  was  to  evaluate  the  effects  of  vertical  motion.  For  these  teste  the  model  was 
released  from  preset  heights  and  continuous  records  taken  of  height,  pressure,  and 
vertical  acceleration.  These  tests  were  conducted  for  a  range  of  heights  (and  hence 
sink  rates),  weights,  fan  speeds,  and  the  two  jet  patterns. 
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C.  TEST  RE3ULTS  AND  ANALYSIS 

1 .  Static  IufiaUon  Characteristics  , 

The  variation  of  Inflation  and  cushion  prespures  are  shown  for  a  range  of 
motor  speeds  Ln  Flgu?  c  81.  Measurements  were  taken  at  three  rig  weights.  Figure  82 
is  a  similar  plot  for  the  second  configuration  ai  a  representative  scale  weight.  The 
medal  Is  to  a  nominal  1/3  ecale,  but  of  reduced  length.  The  corresponding  values  of 
the  main  parameters  are  tabulated  In  Figure  83. 

2.  Powering 

An  assessment  of  the  power  level  simulated  for  the  full  scale  landing  gear 
may  bo  made  using  the  above  scale  factors  and  the  hydraulic  motor  performance  curves 
shown  In  Figure  84.  Hydraulic  Input  pressure  was  recorded  for  a  range  of  rpm.  Since 
the  motor  Is  a  fixed  displacement  type  (constant  flow),  the  power  absorbed  at  constant 
rpm  varies  *vith  pressure.  Assuming  that  the  motor  efficiency  does  not  very  with 
prexnure  the  output  powsr  line  for  3000  psi  may  be  factored  by  the  measured  Lydraultc 
pressure  drop  across  the  Tutor  divided  by  3000  to  find  the  fan  input  power.  The  Input 
pewe”  absorbed  by  the  model  far  determined  in  this  way  Is  shown  in  Figure  84. 

In  Initial  calibrations  ef  fan  flow  and  pressure  the  model  fan  efficiency  was 
determined  to  be  approximately  0.65,  well  below  a  realistic  full  scale  v  due  In  order 
to  relate  the  input  power  to  the  full  scale  brake  horsepow  er  required  to  produce  equiv¬ 
alent  performance  ln  the  model  configuration  (without  slant  jets),  the  model  input  power 
la  factored  by  0.65/0.85.  Test  conditions  are  thus  related  to  full  scale  brake  horse¬ 
power  as  follows,  using  the  relationships  In  Figure  83. 


Configuration  1 

Configuration  2 

Operating  rpm 

2800 

2050 

Med  el  fan  input  power 

19.25 

21 

Factored  power 

bhp 

14.7 

18.35 

Full  8cale  Power 

bhp 

1260 

1590 

Nozzle  area 

in.2 

81.5 

96.9 

3.  Static  Heave  Stiffness 

Static  heave  stiffness  was  measured  by  loading  the  model  to  a  maximum 
practical  weight  of  1300  pounds  (850  pounds  in  shot  bags).  The  results  of  this  test  are 
shown  ln  Figure  86. 
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Parameter 

Nominal 

Scale 

Modol 

Full 

Scale 

Actual 

Scale 

Cushion  Pressure 

1/3 

6:5.6  paf 

167  paf 

1/3 

Tiunlc  Pleasure 

1/3 

111  paf 

333  paf 

1/3 

Proasure  Patio 

1/1 

0.5 

0.6 

1/1 

Weight 

1/27 

895  lb 

00,000  lb 

1/67 

Cushion  Area 

1/3 

10. J  ft2 

300  ft2 

1/22.3 

Purlmotoi 

1/3 

14.4  ft 

80.8  ft 

1/5.6 

Wldtli 

1/3 

40  In. 

138  In. 

1/3 

Length 

1/3 

60.4  In. 

404  In. 

1/0.7 

Power 

1/43.7 

14.7  hp 

1280  ’ip 

1/87 

The  nominal  scale  factor  refers  to  geometric  similarity  to  the  full  scale  cushion  In 
all  respects.  To  obtain  the  power  ncalu  /actor,  tho  nominal  scale  factor  oi  (1/3)'*'^ 
was  factored  by  the  ratio  ul  perl  motor  scale  faelorsdhla  being  Mm  oR*y  quantity 
Str«vtiu«  powui  iiiai  did  not  corrcti-unu  to  the  nominal  scale  factor. 


f  igure  83.  Pealing  Factors 
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4.  Whirling  Tests 

The  rig  was  driven  at  a  range  of  speeds  up  to  approximately  25  ft/sec  ;  ver 
9  series  of  obstacles  generally  without  contacting  the  hard  structure.  The  obstacles 
Included: 


(1)  Hard  conical  mounds  5.5  and  7.5  inches  high  and  two  and 
three  feet  in  diameter,  respectively.  These  were  arranged 
in  various  patterns  relative  to  the  path  of  the  model  (Figure 
86).  The  object  of  these  obstacles  was  to  investigate  the 
trunk  response  to  abrupt  surface  undulations. 

(2)  A  soft  foam  pad,  nine  inches  thick,  preceded  and  followed 
by  gradual  wooden  ramps.  This  represents  a  very  soft 
terrain  such  as  mud  or  bog  (Figure  87). 

(3)  A  two-inch  thick  fiber  mat  to  simulate  a  coarse  grass 
surface.  Some  of  the  hard  mounds  were  also  positioned 
beneath  the  mat  to  reeemble  bumpy  ground  (Figure  88). 

The  fiber  mat  is  a  surface  of  large  Leak  capacity  and  at  the 
same  time  high  friction  coefficient.  It  can  therefore  be  ex¬ 
pected  to  reduce  cushion  pressure  and  cause  drag. 

(4)  Transverse  bars  2.5  inches  by  4  inches  and  3.5  inches  by 
4  inches.  This  wall  type  obstacle  provides  ft  r  the  maxi¬ 
mum  trunk  impact,  at  the  front. 

(5)  A  three  inch  by  three  inch  transverse  channel. 

The  remainder  of  the  circuit  between  the  obstacles  is  smooth  sealed  concrete. 

The  majority  of  thes-2  tests  were  conducted  at  a  model  weight  ol  895 
pounds,  a  fan  motor  speed  of  2,950  rpm.  and  with  the  second  hole  pattern.  Both 
cloaeup  photographs  from  a  camera  rotating  with  the  arm  and  dlstapt  shots  were 
taken.  The  model  negotiates  all  the  obstacles  satisfactorily  with  no  noticeable 
deceleration  except  at  very  low  speeds.  Some  pitching  occurs  In  response  to  the  ob¬ 
structions,  particularly  the  higher  wall.  The  model  could  become  hung  up  on  this 
wall  if  stopped  on  it  and  would  require  considerable  force  to  move;  in  the  order  of  a 
D/W  =  0.25  to  0.3.  At  about  five  ft/sec  it  would  cross  satisfactorily  with  drive  wheel 
on  and  providing  T/W  =  0.08. 

A  D/W  of  approximately  0.01  was  exncrienced  over  the  concrete  surface. 

It  Is  notable  th  *.  the  trunk  inflated  shape  was  imperfect,  due  to  the  material  being 
substantially  below  full  stretch  for  the  two-ply  used  at  Pc/Pj  -  0.5. 

D/W  was  also  measured  statically  on  the  mat,  in  both  jet  pattern  configura¬ 
tions  at  2750  rpm.  In  the  first,  a  value  of  approximately  0.1  was  found;  in  the  second, 
approximately  0.075.  The  reduction  was  caused  by  the  increased  flow  tending  to  over¬ 
come  the  mat  porosity. 
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Figure  86.  Mound  Obstacles 


igure  87,  Soft  Surface  and  Ramps 


pure  88.  Fiber  Mat  with  Bumps 
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la  relation  to  these  measurements  it  is  important  to  state  that  the  imper¬ 
fect  hole  pattern  on  this  model  led  to  considerable  flow  wastage.  Far  too  much  flow 
was  exhausted  outside  the  ground  u&geat. 

On  one  occasion,  at  cpeod,  toe  pitching  of  the  model  coming  off  the  mat 
(with  bumps  placed  centrally)  w.a  such  as  to  cause  the  nose  to  dip  to  the  maximum 
just  as  the  model  reached  the  Isr&a  cone.  The  front  of  the  model  base  collided  with 
the  lop  of  the  cone  cutting  a  five  inch  gash  in  the  trunk  which  opened  to  an  oval  hole. 
Model  performance  was  not  significantly  affected  ana  the  damage  was  act  observed 
until  another  circuit  had  been  completed. 

S.  Drop  Tests 

For  drop  tests,  the  model  was  mounted  on  long  links  co  the  end  of  the  arm, 
hoisted  above  the  ground  to  a  given  height  with  the  fan  running.  It  was  released 
from  successively  increasing  heights  by  &  quick  release  hook  and  cable.  The  equip¬ 
ment  is  shown  in  Figure  89. 

Preliminary  tests  were  first  conducted  for  three  weights  au  shown  in  the 
following  tabulation.  During  this  initial  series,  no  hard  structure  contact  occurred 
and  behavior  was  satisfactory. 


Model 

Weight 

(lb) 

Fan 

(rpm) 

Cushion 
Pressure  p 
(lb/ ft  2) 

Trunk 
Pressure  p 
(lb/ft2)  J 

Pc/Pj 

Release 

Height 

(in.) 

452 

2750 

25 

98 

0.255 

15.3 

4S2 

2350 

21.4 

7S> 

0.285 

21 .7 

452 

nnrre 

I  J 

20.3 

61.4 

0.330 

25.5 

668 

2180 

33.3 

70.8 

0.471 

18.5 

668 

2725 

38.0 

S?  .2 

0.382 

25.5 

668 

2725 

38.5 

99.0 

0.390 

32.2 

895 

2770 

51.5 

105.5 

0.487 

18.3 

Instrumentation  was  then  added.  Recordings  were  taken  of  drops  from 
three  heights  at  895  lb  weight  and  2770  fan  rpm  (Figure  90).  The  value  of  peak  vertical 
acceleration,  against  hard  structure  clearance  at  release  is  plotted  in  Figure  91.  The 
values  of  igiaiiBum  herd  structure  clearance  and  maximum  sink  rate  against  release 
height  are  shown  In  Figures  92  and  93,  respectively.  These  data  apply  to  the  initial 
jet  pattern  configuration.  Similar  tests  and  plots  were  made  with  the  model  after 
modification  of  the  trunk  and  are  shown  in  Figures  94  sad  95.  Further  analysis  of 
one  of  the  drop  tests  in  this  series  is  shown  In  Figuro  96.  The  lift  on  the  model 
(vertical  acceleration  times  weight)  is  plotted  against  the  hard  structure  clearance  or 
base  height  of  the  model.  The  area  beneath  the  curves  in  a  measure  of  the  work 
done  or  energy  absorbed  by  the  trunk/cushion  3ystem.  The  static  lift  against  height 
curve  is  also  plotted  on  this  same  figure,  the  difference  between  the  two  curves  de¬ 
noting  the  rate  dependent  lift  or  damping  force  of  the  System.  It  can  be  u een  in  Figure 
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Figure  89.  Drop  Test  Equipment 
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Figure  83.  Sink  Rates 
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Figure  94.  Decelerations  -  Configuration  No.  2 
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Figure  95.  Clearance  -  Configuration  No.  2 
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Figure  96.  Energy  Absorption  Breakdown 
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97  that  the  damping  force  Is  not  proportional  to  vertical  velocity;  i.e.,  the  damping  la 
not  a  linear  function  of  height.  The  ideal  value  cf  damping  la  one  that  la  equivalent 
to  the  critical  damping  of  a  linear  system,  this  Is  where  the  motion  would  be  non- 
osclllatory,  or  the  aircraft  would  not  bounce  in  a  hard  landing.  For  a  linear  system, 
the  damping  Is  critical  If: 


c 


/  k.W 

v  T 


where  c  is  the  damping  la  lb/ft/sec 
k  la  the  stiffness  in  lb/ft 
W  Is  the  weight  In  lb 
g  Is  gravity;  l.e.,  32.2  ft/sec2 


From  the  static  stiffness  curve  of  Figure  85: 


k  =  6,080  lb/ft,  when  W  =  895  1b 
Therefore , 


c 


6,080  x  698 


32.2 


=  411  lb/ft/sec 


This  critical  value  of  damping  is  shown  in  Figure  97,  where  it  can  be  aeen  to  he  of 
the  same  order  as  that  measured  during  the  drop  tests.  The  trace  recording  of 
vertical  motion  shown  In  Figure  90  also  shows  that  there  Is  only  a  small  overshoot 
from  the  static  equilibrium  condition,  allowing  considerable  reserve  before  contact 
of  the  hard  structure,  and  only  a  small  residual  oscillation. 
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Model  Damping  Force  - 


AFFDL-TR-67-82 


Figure  97,  Critical  Damping  Comparison 
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V.  CONCLUSIONS 


The  following  conclusions  are  drawn  from  the  preceding  work,  summarizing  the 
development  status  ot  the  air  cushion  landing  gear: 

(1)  Basic  system  feasibility  is  established.  It  has  been  shown  that  a 
flexlhle  retractable  structure  can  be  fitted  to  an  aircraft  and 
powered  to  form  an  air  cushion.  With  the  air  cushion  the  aircraft 
will  be  friction  free  over  a  smooth  surface  and  using  an  acceptably 
low  power  level  it  will  traverse  soft  surfaces  am:  considerable 
obstacles  with  Low  drag.  It  has  also  been  shown  that  an  aircraft 
can  be  taken  off  and  landed  from  this  air  cushion  in  the  normal 
manner.  No  compromise  of  normal  controls  is  required,  and  the 
C-119  is  a  suitable  test  aircraft.  It  has  been  shown  that  the  air 
cushion  is  n  soft  landing  system,  capable  of  absorbing  a  very  high 
sink  rate  without  excessive  g  and  with  excellent  damping. 

(2)  Suitable  methods  for  the  design  construction  and  assembly  of  a 

full  scale  trunk  system  have  been  determined.  The  powering  system 
has  been  investigated  and  presents  no  problems  in  a  test  installation. 

(3)  Design  of  a  cushion  braking  and  control  system  appears  rtrolght- 
forward  but  the  required  system  has  not  been  developed  and  no 
firm  data  on  its  characteristics  is  established.  Similarly,  the  re¬ 
lationship  between  terrpia  performance  and  power  is  not  estab¬ 
lished. 

(4)  It  appears  that  amphibious  performance  can  be  provided  but  capa¬ 
bility  over  water  has  not  been  established. 

(5)  System  total  weight  Is  competitive  with  wheel  gear. 

The  advantages  claimed  for  the  system  have  not  bean  diminished  by  the  investi¬ 
gation. 
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